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ABSTRACT 
Generally, this study comprises of 3 stages. Firstly, pure maghemite 
nanoparticles were synthesized within 10nm size range. Secondly, the nanoparticles 
were encapsulated into the silica xerogel matrix to minimize agglomeration and 
aggregation by producing nanocomposites. Finally, the surface area of the 
nanocomposites was increased by modifying the matrix into silica particulate form. The 
nanoparticles and nanocomposites were characterized using XRD, TGA, TEM, BET, 
DLS and AGM. 
In stage I, the effects of varying the FeCl2 concentration on the properties of 
magnetic nanoparticles produced by Massart’s procedure were investigated. The lattice 
parameters of the samples obtained from XRD analysis revealed that the nanoparticles 
formed were maghemites (γ-Fe2O3). The magnetization curves showed no hysteresis, 
indicating that the particles were superparamagnetic. The crystallite, magnetic and 
physical sizes were similar, indicating that the particles were monocrystals. When the 
FeCl2 concentration increased from 0.1 to 1.0M, the size of as-synthesized maghemite 
nanoparticles decreased. However, when the FeCl2 concentration was increased further, 
the size of as-synthesized maghemite nanoparticles increased. This indicates that a very 
low or a very high FeCl2 concentration leads to the formation of larger particles. In 
addition, agglomeration and aggregation occurred for most samples. Superparamagnetic 
maghemite nanoparticles with the smallest size were chosen to proceed to stage II and 
stage III. 
Maghemite-silica xerogel nanocomposites were produced by dispersing the as-
synthesized maghemite nanoparticles into silica xerogel by sol-gel technique. The phase 
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analysis performed using XRD confirmed that the encapsulated nanoparticles were 
maghemites. TEM micrographs showed that the maghemite nanoparticles were 
spherical and homogeneously incorporated into the silica xerogel matrix. The surface 
area of the nanocomposites was less than 40m2/g. This was probably due to the fact that 
majority of the pores in the silica gel were filled by as-synthesized maghemite 
nanoparticles. Reduction in average crystallite size of dispersed maghemite particles 
was observed after the encapsulation process compared to as-synthesized maghemite 
nanoparticles. However, increasing the weight ratio of Fe2O3/SiO2 in nanocomposites 
caused an increase in average crystallite size of embedded maghemite nanoparticles.  
Maghemite-silica particulate nanocomposites were prepared by a modified sol-
gel process. The purpose of changing the matrix from xerogel to particulate form was to 
increase the surface area and retain its properties. It is a promising alternative technique 
for fabricating nanocomposites because it is simple, manufacturable, inexpensive, fast, 
can be prepared at room temperature and its ability to control the composition, 
crystalline distribution and properties of maghemite nanoparticles and nanocomposites. 
Moreover, no surfactant or other unnecessary precursor was involved. The HRTEM 
micrograph revealed that the embedded particle (core) was with the presence of atomic 
interspaces indicating that the particles were crystalline and covered with a non-
crystalline material.  The EELS result showed the presence of Fe-L3 signals, which 
proves that the embedded particles were iron-based compounds. In stage III, a very high 
surface area was attained for the produced nanocomposites (360 – 390 m2/g), compared 
with those of stage II. This enhances the sensitivity and the reactivity of the 
nanocomposites.   
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 ABSTRAK 
Secara keseluruhan, kajian ini meliputi tiga tahap. Yang pertama sekali, adalah 
sintesis nano-zarah maghemit dalam lingkungan saiz 10nm. Selanjutnya, adalah proses 
pengkapsulan nano-zarah ke dalam matriks xerogel silika untuk meminimumkan 
pengelompokan dan agregasi semasa menghasilkan nano-komposit. Akhirnya, adalah 
untuk menambahkan luas permukaan nano-komposit yang dihasilkan dengan 
mengubahsuai matriks ke bentuk zarahan silika.  
 Pada tahap I, kesan-kesan dipengaruhi oleh kepekatan FeCl2 yang berlainan pada 
sifat-sifat nano-zarah magnetik yang dihasilkan oleh prosedur Massart diselidik. Kisi 
parameter yang diperolehi daripada analisis XRD menunjukkan bahawa nano-zarah 
yang dihasilkan adalah maghemit (γ-Fe2O3). Lengkungan pemagnetan tidak 
menunjukkan hysteresis, menandakan bahawa zarah adalah superparamagnetik. Nilai 
saiz kristalit, magnetik dan fizikal yang berdekatan menunjukkan bahawa zarah adalah 
monokristal. Boleh disimpulkan bahawa apabila kepekatan FeCl2 bertambah dari 0.1M 
ke 1.0M, saiz nano-zarah maghemit yang disintesis berkurang. Namun, apabila 
kepekatan FeCl2 bertambah dengan selanjutnya, saiz nano-zarah maghemit yang 
disintesis akan menambah. Ini menunjukkan bahawa kepekatan FeCl2 yang sangat 
tinggi atau sangat rendah akan mengakibatkan pembentukan saiz zarah yang lebih besar. 
Tambahan, dapat diperhatikan bahawa pengelompokan dan agregasi berlaku pada 
kebanyakan sampel. Nano-zarah maghemit memerlukan rawatan yang selanjutnya 
untuk meminimumkan pengelompokan dan agregasi. Oleh itu, tahap II dan II adalah 
diperlukan untuk menyelesaikan masalah ini. Nano-zarah superparamagnetik maghemit 
dengan saiz yang terkecil dipilih untuk melanjutkan ke tahap II dan III. 
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 Nano-komposit maghemit-silika xerogel dihasilkan dengan teknik sol-gel. 
Nisbah jisim Fe2O3/SiO2 yang berlainan diselidik. Analisis fasa yang dijalankan dengan 
menggunakan XRD mengesahkan bahawa nano-zarah yang disintesis dan yang dikapsul 
adalah maghemit. Imej TEM menunjukkan bahawa nano-zarah maghemit adalah dalam 
bentuk sfera dan bergabung homogen dengan matriks silika. Luas permukaan nano-
komposit kurang daripada 40m2/g. Ini mungkin disebabkan oleh kenyataan bahawa 
majoriti liang-liang silika gel telah diisi oleh nanopartikal maghemit yang disintesis. 
Lebar liang yang dianggar bertambah apabila kandungan maghemit meningkat. Ini 
menunjukkan bahawa kuantiti liang-liang mini dan mikro telah diisi oleh nano-zarah 
maghemit. Pengurangan purata saiz kristalit nanopartikal maghemit yang diserak 
diperhatikan selepas proses pengkapsulan dibandingkan dengan nano-zarah maghemit 
yang disintesis. Ini menunjukkan bahawa pembubaran nano-zarah maghemit berlaku 
dengan kadar yang rendah. Namun, nisbah jisim nano-komposit Fe2O3/SiO2 yang 
meningkat mengakibatkan purata saiz kristalit nanopartikal maghemit yang terbenam 
meningkat.  
Nano-komposit maghemit-silica zarah dihasilkan dengan teknik pengubahsuaian 
sol-gel. Tujuan menukarkan matriks dari xerogel kepada bentuk zarahan adalah untuk 
meningkatkan luas permukaan dan mengekalkan sifat-sifatnya. Ini adalah teknik 
alternatif untuk menghasilkan nano-komposit kerana teknik ini adalah mudah, boleh 
dikilangkan, murah, cepat, boleh dihasilkan pada suhu bilik dan mampu mengawal 
komposisi, penyedaran kristal dan sifat-sifat nano-zarah maghemit dan nano-komposit 
maghemit. Selain itu, teknik ini tidak melibatkan surfaktan atau apa-apa pelopor. Dari 
mikrograf HRTEM, kehadiran celah atom kelihatan jelas pada zarah terbernam (inti), 
mengimplikasikan struktur kristalit.  Manakala matriks adalah bahan bukan kristalit 
kerana tidak ada kisi hasil daripada pemerhatian. Keputusan EELS diperolehi daripada 
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inti menunjukkan kehadiran signal Fe-L3, yang membuktikan bahawa zarah terbenam 
adalah sebatian berasas daripada besi. Pada tahap III, luas permukaan yang sangat tinggi 
diperolehi untuk nano-komposit yang dihasilkan (360-390m2/g), berbanding dengan 
nano-komposit pada tahap II. Ini dapat mempertingkatkan kepekaan dan kereaktifan 
nano-komposit.  
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CHAPTER 1: INTRODUCTION  
1.1 GENERAL 
Nanoscience is one of the hottest topics in the 20th century. Producing 
nanoparticles is an ongoing project in modern science. The use of nanoparticle materials 
offers many advantages due to their unique size and physical properties.  
There has been a dramatic increase in interest for nanocrystalline maghemites 
due to their magnetic properties which are strongly dependent on the particles’ and 
crystallites’ sizes. This is especially so when the particle size reaches the nanometer 
scale (Morales et al., 1994). If the particle size is sufficiently small, the magnetic 
properties of nanoparticles transform from ferromagnetic to superparamagnetic. 
Moreover, maghemite nanoparticles have very high surface area compared with bulk 
materials. This means that the nanoparticles are attracted to the magnetic field and 
retain no residual magnetism after the field is removed. Additionally, maghemite 
nanoparticles have higher reactivity (Aslam et al., 2005). The properties of magnetic 
nanoparticles are a function of particle size, shape and surface chemistry (Kroll et al., 
1996, Vollath et al., 1995).  Among these, maghemite nanoparticles with a size range of 
2-10nm are of particular importance. 
The reason for maghemite nanoparticles being a material of interest is due to 
their potential applications in many areas such as high-density recording media (Martin 
et al. 2003; Bate, 1999), catalysis (Ida et al., 1997), bio-medical separation process 
(Gupta and Gupta, 2005), matrices for magneto-optical devices (Ennas et al., 1999), 
magnetic refrigeration (Mcmichael et al., 1829) and as controlled drug delivery systems 
(Bhatnagar et al., 1995). As mentioned previously, the size and distribution of the 
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particles are the major factors which influence the novel properties and applications of 
maghemite nanoparticles.  
The most critical problem associated with maghemite nanoparticles is their 
tendency to agglomerate. Most of their unique properties will no longer be retained 
when the particles aggregate to micron size. This problem needs to be solved in order to 
maximize the useful nature of the individual particles. Therefore, there are efforts 
toward finding solutions to prevent the agglomeration and aggregation problem.  
Much effort has been devoted toward the synthesis of maghemite nanoparticles 
due to their superior magnetic properties. The methods include precipitation, 
impregnation (Satterfield, 1991), a special precipitation technique known as Massart 
process (Bee et al., 1995), mechanical crushing of powder (Gomez et al., 1987), sol-gel 
preparation (Cannas et al., 2001), polymer matrix mediated synthesis (Hoh et al., 2003), 
usage of lauric acid as a non-aqueous medium (Jing and Wu, 2004) and using water in 
oil microemulsion (Yang et al., 2004, Ang and Yaacob, 2007). However, the 
agglomeration and aggregation problem still occurs after sometime. In addition, these 
methods require tedious washing procedure in order to remove residual surfactants.  
Several attempts have been made to disperse the maghemite phase in a variety 
of matrix materials such as silica (Ennas et al., 1998; Monte et. al., 1997), porous glass 
(Borrelli et al., 1983) and polymer (Ziolo et al., 1992; Nguyen and Diaz, 1994). This 
technique is used to block the long-range magnetic dipole-dipole interactions among the 
nanoparticles even in the absence of an applied magnetic field (Vekas et al., 2006) using 
a physical barrier, which in turn, minimizes the agglomeration.  
Maghemite nanocomposites consisting of maghemite nanoparticles dispersed in 
different matrices have been a subject of extensive investigation in recent years. SiO2 is 
3 
 
one of the well-known matrices which possess unique properties such as high surface 
area, small pores and good electrical, acoustic and thermal insulations as well as bio-
compatibility (Casas et al., 2001). It is believed that this type of nanocomposites will 
become increasingly important due to their stability. However, the instability in kinetics 
energy of the system poses a major disadvantage in this method, whereby sizes and 
shapes of the nanoparticles are difficult to control. All of the techniques used are one-
step processes and therefore, these techniques are presently in the laboratory stage. 
In this research, maghemite nanoparticles were produced by Massart’s 
procedure and the effects of varying the FeCl2 concentration on the properties of 
nanoparticles were investigated. This enables good monitoring and control of the size 
and homogeneity of the as-synthesized maghemite nanoparticles. In addition, the 
method retains the particles’ particular identities without serious kinetic exchange 
involved. Following this, the size of the maghemite nanoparticles was further controlled 
by encapsulating them into a matrix by sol-gel technique. In this process, two different 
matrices conditions were used to produce iron-oxide nanocomposites, which are the 
network form of silica matrix (silica xerogel) and the particulate form of silica matrix. 
This is a novel approach for synthesizing these materials. This method is a two-step 
procedure to obtain homogeneous and well-coated particles.  
Chapter 2 discusses the properties and magnetic behaviour of maghemite 
nanoparticles. In this chapter, previous researche on maghemite nanoparticles and 
maghemite nanocomposite are reviewed and the advantages of the fabrication 
techniques are briefly discussed. The potential applications of maghemites and 
maghemite nanocomposites are also included.  The mechanisms of magnetite and 
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maghemite transformation are discussed and the basic properties of the matrix are 
presented at the end of this chapter.   
Chapter 3 describes the experimental procedures for the synthesis of maghemite 
nanoparticles and the fabrication of the nanocomposites.  
The results and interpretation of the data are presented in Chapter 4, and 
conclusions of the findings are given in Chapter 5. 
Chapter 6 offers recommendations for further studies on the behaviour and 
applications of maghemite nanoparticles and maghemite nanocomposites.  
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1.2 OBJECTIVES 
The objectives of this research are as follows: 
1. To synthesize maghemite nanoparticles using Massart’s procedure and to 
analyze the effects of varying the concentration of FeCl2 on the properties and 
magnetic behaviour of as-synthesized maghemite nanoparticles. 
 
2. To produce maghemite-silica xerogel nanocomposites by hydrothermal 
synthesis procedure (sol-gel method) and to determine the effects of varying the 
weight ratio of Fe2O3/SiO2 on the size and properties such as morphology, 
product texture and magnetic behaviour of the maghemite-silica xerogel 
nanocomposites.  
 
3. To produce maghemite-silica particulate nanocomposites by modified 
hydrothermal synthesis procedure (new modified sol-gel method) and to 
measure the effects of varying the weight ratio of Fe2O3/SiO2 on the size and 
properties such as morphology, product texture and magnetic behaviour of the 
maghemite-silica particulate nanocomposites.  
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CHAPTER 2: LITERATURE REVIEW 
2.1 IRON OXIDES 
Iron oxides are defined as various oxides of iron, such as ferric oxide or 
ferrous oxide. Iron oxides are one of the most common compounds found in nature. 
There are 6 types of iron oxides, which are Fe3O4, FeO and four of them are 
polymorphs of Fe2O3 (α, β, γ, ε).  
β-Fe2O3 (Braun and Gallagher, 1972) and ε-Fe2O3 are rare compounds which 
have been synthesized only in the laboratory. The former is obtained by 
dehydroxylation of β-FeOOH under high vacuum at 170oC.  ε-Fe2O3 was first reported 
in 1934 and named in 1963 (Trans et al., 1998). It exists both as a disordered, pure 
form and an ordered form which appears to be associated with hematite or maghemite. 
Its structure is intermediate between those of hematite and maghemite. It can be 
prepared in various ways and transforms to hematite at temperatures between 500oC 
and 750oC according to the method of preparation (Cornell and Schwertmann, 1996).  
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Table 2.1 
Iron Oxides and their Descriptions 
Types of Iron Oxides Description 
Maghemite 
 
Figure 2.1: Image of 
Maghemite 
Chemical Formula: γ –Fe3+2O3  
Molecular Weight: 159.69g (iron 69.94%, oxygen 30.06%) 
Density: 4.6g/cc 
Colour: Dark Brown 
Characteristics: Ferrimagnetic. Isostructural with magnetite 
but with cation deficient sites. Product of heating other Fe 
oxides in presence of organic matter. 
Magnetite 
 
Figure 2.2: Image of 
Magnetite 
Chemical Formula: Fe2+Fe3+2O4  
Molecular Weight: 231.54g (iron 72.36%, oxygen 27.64%) 
Density: 5.21g/cc 
Colour: Greyish black, Iron black 
Characteristics: Ferrimagnetic. Inverse spinel structure. 
 
 
Hematite 
 
Figure 2.3: Image of 
Hematite 
Chemical Formula: α-Fe2O3  
Molecular Weight: 159.69 (iron 69.94%, oxygen 30.06%) 
Density: 5.3 g/cc 
Colour: Reddish grey (fine), Black (coarse), Blackish red 
Characteristics: Corundum structure. Extremely stable, the 
end member of transformation of other oxides. 
Wustite, FeO 
 
Figure 2.4: Image of 
Wustite 
Chemical Formula: Fe2+O  
Molecular Weight: 71.85g 
Density: 5.88g/cc 
Colour: Grey 
Characteristics: Cubic Structure with thermal expansion 33.9 
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From Table 2.1, magnetites are isostructural with maghemites but with cation 
deficient sites and both of them are ferrimagnetic. Due to its structural similarity with 
maghemite, magnetite is frequently used as a precursor compound of maghemite in 
laboratory synthesis. Both oxides have cubic inverse spinel structure, differing in the 
number of vacancies and in the occupancy of tetrahedral and octahedral cation sites 
(Cannas et al., 2001).  
 Iron oxides are found to be useful in many aspects. They are used as pigments, 
tape coatings and reinforcement fillers for polymer. The iron oxides are produced most 
widely for pigment production, followed by titanium (Cornell and Schwertmann, 1996).  
 In addition, the magnetic properties of magnetites and maghemits are also useful. 
The magnetic behaviour for both iron oxides is utilized as magnetic pigments in 
electronic recording media, ferrofluids, starting materials for the production of ferrites 
are used as permanent magnets, high storage recording media and semiconductor. (R.M. 
Cornell and Schwertmann, 1996). Ferrofluids are colloidal mixtures composed of 
nanoscale ferromagnetic or ferrimagnetic particles suspended in a carrier fluid, usually 
an organic solvent or water. A ferrofluid is superparamagnetic and can create liquid 
seals held in position by magnetic fields. One application of ferrofluids is to keep dust 
off the drive shafts of magnetic disc drives.  
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2.2 MAGNETISM 
 In this  research, the magnetic properties of maghemite nanoparticles and 
maghemite nanocomposites are studied using hysteresis loops. The magnetic moment, 
saturation magnetization, coercivity and initial permeability are important parameters to 
consider in the investigation. Hence, a brief introduction regarding hysteresis loops is 
discussed.  
 
2.2.1 Hysteresis loops 
 A great deal of information can be learned about the magnetic properties of a 
material by studying its hysteresis loop. A hysteresis loop shows the relationship 
between the changes of magnetic moment (M) over the strength of an applied magnetic 
field (H). It is often referred to as the B-H loop or M-H loop. An example of hysteresis 
loop is shown in Fig. 2.5.  
 
Figure 2.5:  
Magnetization Curve 
Magnetization (emu/g) 
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 The loop is generated by measuring the magnetic flux of a ferromagnetic 
material while the magnetizing force is applied. A ferromagnetic material that has never 
been previously magnetized or has been thoroughly demagnetized will follow the 
dashed line as H is increased. As the line demonstrates, the greater the amount of 
current applied (H+), the stronger the magnetic field in the component (M+). At point 
“a” almost all of the magnetic domains are aligned and an additional increase in the 
magnetizing force will produce very little increase in magnetic flux. The material has 
reached the point of magnetic saturation (Ms). When H is reduced to zero, the curve 
will move from point “a” to point “b”. At this point, it can be seen that some magnetic 
flux remains in the material even though the magnetizing force is zero. This is referred 
to as the point of retentivity on the graph and indicates the remanent or level of residual 
magnetism in the material (remanent magnetic moment, Mr). Some of the magnetic 
domains remain aligned while some have lost their alignment. As the magnetizing force 
is reversed, the curve moves to point “c”, where the flux has been reduced to zero. This 
is called the point of coercivity on the curve (Hc). The reversed magnetizing force has 
flipped enough of the domains so that the net flux within the material is zero. The force 
required to remove the residual magnetism from the material is called the coercive force 
or coercivity of the material.  
 As the magnetizing force is increased in the negative direction, the material will 
again become magnetically saturated but in the opposite direction (point “d”). Reducing 
H to zero brings the curve to point “e”. It will have a level of residual magnetism equal 
to that achieved in the other direction. Increasing H back in the positive direction will 
return M to zero. It shall be noted that the curve did not return to the origin of the graph 
because some force is required to remove the residual magnetism. The curve will take a 
different path from point “f” back to the saturation point where it will complete the loop. 
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 From the hysteresis loop, a number of primary magnetic properties of a material 
can be determined.  
1. Retentivity (remanent magnetic moment) - A measure of the residual flux 
density corresponding to the saturation induction of a magnetic material. In 
other words, it is a material's ability to retain a certain amount of residual 
magnetic field when the magnetizing force is removed after achieving saturation. 
  
2. Coercive Force - The amount of reverse magnetic field which must be applied 
to a magnetic material to make the magnetic flux return to zero.  
 
3. Permeability, µ - A property of a material which describes the ease with which 
a magnetic flux is established in the component. It is the ratio of the flux density 
to the magnetizing force and is represented by the following equation: 
µ = Μ/Η 
 
 
 
 
 
Figure 2.6: 
Initial Permeability of Magnetization Curve 
The slope of the line that is 
tangent to the M-H curve at the 
point is used to determine a 
materials maximum permeability 
or it also called as initial 
permeability. 
M  Magnetization (emu/g) 
(2.1) 
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2.2.2 Classes of Magnetic Materials 
 The origin of magnetism lies in the orbital and spin motions of electrons and 
how the electrons interact with one another. The best method to introduce the different 
types of magnetism is to describe the manner by which materials respond to magnetic 
fields. Some materials are much more magnetic compared to others. The primary 
difference is that there is no collective interaction of atomic magnetic moments in some 
materials, whereas there is a very strong interaction between the atomic moments in 
other materials. 
 The magnetic behaviour of materials can be classified into the following five 
major groups (Moskowitz, 1991): 
1. Diamagnetism 
2. Paramagnetism 
3. Ferromagnetism 
4. Antiferromagnetism 
5. Ferrimagnetism 
 Materials in the first two groups are those which do not exhibit collective 
magnetic interactions and are not magnetically ordered. Materials in the last three 
groups exhibit long-range magnetic order below a certain critical temperature.  
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2.2.3 Superparamagnetism (SPM) 
 Superparamagnetism occurs when the material is composed of very small 
crystallites (1-10 nm). In this case, when the temperature is below the Curie or Neel 
temperature (and hence the thermal energy is insufficient to overcome the coupling 
forces between neighbouring atoms), the thermal energy is sufficient to change the 
direction of magnetization of the entire crystallite. The resulting fluctuations in the 
direction of magnetization cause the magnetic field to average to zero. Thus, the 
material behaves in a manner similar to paramagnetism, except that instead of each 
individual atom being independently influenced by an external magnetic field, the 
magnetic moment of the entire crystallite tends to align with the magnetic field.  
The energy required to change the direction of magnetization of a crystallite is 
called the crystalline anisotropy energy and depends both on the material properties and 
the crystallite size. As the crystallite size decreases, so does the crystalline anisotropy 
energy, resulting in a decrease in the temperature at which the material becomes 
superparamagnetic. 
 
Figure 2.7:  
Coercivity as a Function of Particle Size 
(Cullity, 1972) 
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As the grain size decreases, a critical size will be obtained. This is a condition 
where the grain can no longer accommodate a wall. Below this critical size, the grain 
contains a single domain (SD). A SD grain is uniformly magnetized to its saturation 
magnetization. SD grains are very important. To change the magnetization of a MD 
grain. The domain wall needs to be translated in order to change the magnetization of a 
MD grain. This is a very energetically easy process, which can be accomplished in 
relatively low fields. Thus, MD grains are magnetically soft with low values of 
coercivities and remanence. However, the only way to change the magnetization of a 
SD grain is to rotate the magnetization. This is however, an energetically difficult 
process. Thus, SD grains are magnetically hard and have high coercivities and 
remanence.  
The critical size for SD behaviour depends on several factors, which include 
saturation magnetization and the shape of the grain. Estimations of the SD-MD 
transition size are based on theoretical calculations. As particle size continues to 
decrease within the SD range, another critical threshold is reached, at which remanence 
and coercivity go to zero. When this happens, the grain becomes superparamagnetic. 
For superparamagnetic particles, the net magnetic moment is in zero field and at a 
temperature close to zero. It also show a net statistical alignment of magnetic moments 
when magnetic field is applied.  
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Figure 2.8: 
Schematic Illustration of the Hysteresis Loop of a Superparamagnetic Nanoparticles   
(Sun, 2006) 
 
SPM particles exhibit no remanence or coercivity, as shown in Fig. 2.13. The 
shape of the hysteresis loop is thus extremely thin or without loops at all. SPM grains 
show a very steep initial rise in magnetization with field, followed by a gradual increase 
to saturation. Typical values for hysteresis parameters are (Bruce, 1991): 
Mr/Ms << 0.01    (2.2) 
 All relevant magnetic properties of nanoparticles such as coercivity, blocking 
temperature, saturation magnetization and remanent field are a function of particle size 
(Wang et. al, 2001). 
 The energy barrier (EA) for rotation of magnetization orientation in a single 
domain particle has been described by the Stoner-Wohlfarth theory and is given by 
     EA = KV sin2θ    (2.3) 
where K is the anisotropy of the material, V is the volume of the nanoparticle and θ is 
the angle between an applied magnetic field and the easy axis of a nanoparticle. The 
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blocking temperature of a material is defined as the temperature for a given 
measurement time at which the moments are no longer blocked and are able to 
overcome the energy barrier. The coercivity can be considered as a measure of the 
magnetic field strength that is required to achieve changes of magnetization direction in 
a material. Lowering the anisotropy of a material will lower the activation energy 
barrier following the Stoner Wohlfarth theory and results in a lower blocking 
temperature and a lower applied field required for spin reversal and hence to a lower 
coercivity (Vestal and Zhang, 2003). 
 
2.3 MAGNETIC NANOPARTICLES 
 Magnetism is a phenomenon by which materials assert an attractive or repulsive 
force on other materials. Some well known materials which exhibit magnetic properties 
are iron, some types of steels and the natural mineral, lodestone. For magnetic 
properties, the saturation magnetization, hysteresis loop and coercivity are important 
points to be discussed. They are highly dependent on the producing parameter, for 
example temperature, pH, particle size and surface area.   
Recent advances in lithography and self-assembly have made it possible to 
produce magnetic wires and dots, magnetic nanowires, which may be used in a number 
of sensor applications. In the area where density and geometry can be controlled, it 
offers a paradigm shift for information storage. This could overcome the super-
paramagnetic limit in current technologies (Panina, 2002, Allwood et. al., 2002). 
Understanding the magnetic properties of nanometre scale particles is a central 
issue in the study of magnetic materials. This stimulates the interest of researchers to 
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further investigate the novel properties in nanosize compared with micro size. 
Structures in nanoscale have better advantages over structures in microscale.  
Firstly, the ratio of surface to volume atoms is strongly enhanced. In other words, 
the surface properties will dominate the properties of the nanostructure. Since surfaces 
and interfaces are of chief importance, their quality must be controlled as well as their 
interior structures.  
Secondly, the density of nanomaterials increases tremendously compared with 
density of micron size. This finding creates new concepts for data storage and very 
precise ideas are developed for new storage concepts of non-volatile memory devices, 
such as the magnetic random access memory MRAM, which is based on magnetic 
structures in nanometre size. (Daughton JM, 1992; Nordquist et.al., 1997). Eventually, 
the storage capacity is increased.  Combination of a scanning tunneling microscope and 
chemical vapour deposition has been used for serial patterning of films with nanometre 
resolution to provide accuracy in positioning nanomagnets (Gider et. al,. 1996).  
Thirdly, sufficient small nanostructures may behave superparamagnetically. 
This may destroy the desirable alignment of the magnetization and hence, the stored 
information. For example, the magnetic properties of iron oxide transform to 
superparamagnetic when the size decreases to the nanometre scale due to the low 
coercivity and magnetic saturation (Yee, 2003). Thus, the coercivity of a material is 
strongly connected to its size. According to Kodama (1999), when the particles size 
decrease to below a critical diameter, the particles become a single domain and the 
coercivity also decreases. The main reason is due to thermal effects. Thermal effects are 
strong enough to demagnetize previously saturated assembly of particles and create zero 
coercivity. This phenomenon is known as superparamagnetism.  
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Fourthly, they will lower the firing temperature and time as well as reduce 
energy consumption. Additionally, some nanocrystalline spinel ferrites exhibit different 
cation distribution compared with particles in the micro scale. Consequently, the 
magnetic properties are diverse compared with the corresponding bulk counterparts 
(Fatemi, 1999 and Rath, et. al., 2002)). Due to their novel properties, magnetic 
nanoparticle materials are normally used as the active component of ferrofluids, high-
density biomedical applications, recording media and pigments. 
 
2.3.1 Maghemite Nanoparticles 
 Maghemite is ferromagnetic at room temperature. The measurement of Curie 
temperature is difficult because maghemite is a metastable phase which will transform 
to hematite at temperatures about 350-450 oC. The Curie temperature has been 
estimated to be around 550-700 oC (Murad, 1988). 
 The magnetic structure consists of two sublattices corresponding to Fe located 
on tetrahedral (A) sites and octahedral (B) sites. The atomic moments within each 
sublattice are parallel, but those of the two sublattices are anti-parallel. Particles greater 
than 10nm in size are completely magnetically ordered at room temperature, whereas 
smaller particles (< 10nm) are superparamagnetic. Surface/interfacial effects influence 
the magnetic properties of ultrafine maghemite particles. Incomplete coordination of the 
atoms at the surface leads to a non-collinear spin configuration which reduces the 
magnetization of small particles. The specific saturation magnetization decreases 
linearly with increasing specific surface area (Mollard et al., 1977) and is also 
influenced by particle morphology (Boudeulle et al., 1983). 
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 However, problems occur for most maghemite nanoparticles such as (a) they 
tend to form large aggregates, (b) their original structure may be altered if they are not 
stable enough, resulting in the alteration of magnetic properties and (c) they can 
undergo rapid biodegradation when they are directly exposed to biological systems. 
Therefore, a suitable coating is necessary to prevent such limitations. To make a stable 
suspension of particles for practical applications, their dimensions should be sufficiently 
small so that precipitation due to gravitational forces can be avoided. To achieve this 
particles should be made very uniform and ultra small (<5nm in diameter). This creates 
thermal stability for maghemite nanoparticles. The basic requirement is, to synthesize 
ultra small, coated and uniform particles having strong magnetic properties for their 
practical applications (Santra et al., 2000). 
 
2.3.1.1 Applications of Maghemite Nanoparticles 
 Maghemite (γ-Fe2O3) is a technologically important compound widely used for 
the production of magnetic materials and catalysts. Maghemite nanoparticles exhibit 
superparamagnetic behaviour due to the small coercivity arising from a negligible 
energy barrier in the hysteresis of the magnetization loop. They have recently attracted 
considerable interest as optical-magnetic media in magneto-optical devices. Optical-
magnetic media can be made by deposition of magnetic and optically transparent 
particles inside supporting transparent materials, and maghemite nanoparticles satisfy 
these requirements since they can be easily incorporated into ultrathin polymer films 
(Ennas, 1998).  
In bio-applications, especially for in vivo applications, the main challenges 
currently consist of (i) reducing the nanoparticle size for passing through the majority of 
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biological membranes, (ii) ensuring their stability in pH conditions of biological fluids 
and (iii) tailoring their surface in order to functionalize and/or develop strong 
interactions with specific biological components (dye, drug or effector grafting) 
(Mornet et al., 2002). Therefore, maghemite nanoparticles is one of the useful magnetic 
nanoparticles which fulfil most of the requirement.  
 
2.4 SILICA MATRIX 
 Silica gel has a wide range of applications, such as insulation (Pajonk, 2003), 
catalysis (Tillotson and Reynolds, 2003), controlled drug release (Kortesuo et al., 2001) 
and bioencapsulation (Luckarift et al., 2004), which depend directly on their physical 
properties and on the variety of nanostructures attainable. These materials consist in a 3-
dimension SiO2 network or colloidal particle structure obtained by the sol-gel process. 
The structure of the wet gel is firstly established by inorganic polymerization of a 
colloidal solution, prepared by hydrolysis and condensation of a precursor, namely,  
silicon alkoxide (Six(OR)5-x). For tetra-functinonal alkoxides (x=1) such as 
tetraethoxysilane (TEOS), the overall hydrolytic polycondensation reaction can be 
written as (Toldas et al., 2000): 
  nSi (OC2H5)4 + mH2O                    SinO(2n-(z+y)/2)(OH)z(OC2H5)y + (4n-y)C2H5OH    (2.4) 
where y = z – 2(2n-m). The initial formed dimmers and trimmers rapidly condense into 
cyclic siloxane (Si-O-Si) units, containing mostly four or six silicon atoms. The three 
dimensional network is built upon aggregation of the nanomeric particles formed by 
condensation of those cyclosiloxanes (Fidalgo and Ilharco 2004). The phase of the gel 
form is controlled by the hydrolysis and condensation rate. 
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2.4.1.1 Advantages of Silica Matrix 
 In all these applications the coating of particles is a very important issue. 
Coating assists in making the particles biocompatible, preventing aggregation and the 
degradation of maghemite nanoparticles. Moreover, the outer coating surface of the 
particles can be functionalized to allow the binding of drugs or bio-molecules to the 
system. Inorganic amorphous silica is bio-compatible, non-toxic and possesses hydroxyl 
surface groups which provide intrinsic hydrophilicity and allow surface attachment by 
covalent linkages of specific drugs or bio-molecules. Amorphous silica is also a heat 
resisting material with a low specific gravity, high surface area and good mechanical 
strength. The small pore size of silica gel can give rise to a very selective interaction 
with the adsorbed molecules, depending on their size, shape and chemical 
characteristics (Pacheco et al., 2006; Shao et al., 2008).  
 In addition, the thermal stability of silica gel is high and the porous texture of 
gels, i.e., pore size and pore structure, can be tailored. It is chemically stable and does 
not react with maghemite nanoparticles during the encapsulation process. Lastly, it is a 
non-magnetic material. 
 
2.5 PROCESSING METHOD 
 The preparation of pure nanophase γ-Fe2O3 presents some difficulties partially 
arising from the different metal oxidation states, which can lead to the contemporary 
presence of various oxides (FeO, Fe2O3 and Fe3O4). Furthermore, Fe2O3 also exhibits 
crystallite phase of α- Fe2O3 (hematite), which is thermodynamically stable (Cannas et 
al., 1998) compared to maghemite. 
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  Attempts have been made to stabilize γ-Fe2O3 nanoparticles using preparation 
techniques and coatings.  
 
2.5.1 Synthesis of Maghemite Nanoparticles 
2.5.1.1 Introduction 
 In general, there are two approaches to nanoparticle production which are 
commonly referred to as “top-down” and “bottom up”. “Top-down” nanoparticles are 
generated from the size reduction of bulk materials and they generally rely on physical, 
the combination of physical and chemical, electrical or thermal processes for their 
production. In this study, the “bottom up” approach is used. The “bottom up” approach 
generates nanoparticles from the atomic or molecular level, and are thus, predominantly 
chemical processes. Commonly used techniques are crystallication/precipitation, sol-gel 
method, water in oil microemulsion, chemical vapour deposition and self assembly 
routes. Some processes may use a combination of these techniques (Hannink and Hill, 
2006).  
 The synthesis of nanosize noble particles has attracted great interest due to the 
widespread use of these particles in applications. Nanosize particles have unique 
properties in comparison with their bulk counterparts such as thermal stability (Gleiter, 
1989), unique magnetic properties (Ennas et al., 1998) and surface properties (Galina et 
al., 2009). Due to its unique properties, magnetic nanoparticles especially maghemite 
nanoparticles are increasingly required for potential applications. Maghemite 
nanoparticles are used as matrices for magneto-optical devices (Ennas et al., 1998) and 
high-density recording media (Martin et al., 2003), magnetic refrigeration (Mcmichael 
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et al., 1982), as magnetic fluids in controlled drug delivery systems (Bhatnagar & 
Rosensweig, 1995) and for bio-medical separation processes (Gupta and Gupta, 2005) 
as well as catalysis. 
 A number of strategies are now available to synthesize iron oxide nanoparticles. 
They are sol-gel processing (Cannas et al., 2001, Solinas et al., 2001), Massart’s 
procedure (Bee et al., 1995), usage of hydrazine as a reducing agent of iron salts (Reddy 
et al., 2000), ball milling of lepidocrocite, γ-FeOOH (Gomez-Villacieros et al., 1987), 
hydrolysis and pyrolysis of akaganeite (β-FeOOH) and lepidocrocite (Herrero et.al., 
1997), polymer matrix mediated synthesis (Hoh et al., 2004), usage of lauric acid as a 
non-aqueous medium (Jing and Wu, 2004), wet chemical processing (Okuda and 
Harada, 1985) and the use of microemulsion (Liu et al., 1999). 
 Researchers are facing difficulties to produce a monodisperse and uniform 
maghemite nanoparticles. A number of solutions have been devised by researchers, 
such as controlling the parameter of the synthesis process, temperature, pH, etc. Feltin 
and Pileni (1998) changed the temperature and the concentration of precursor during the 
precipitation of ferrous dodecyl sulfate micellar solution with methylamine. Wang et al. 
(2001) used a wire explosion (WEE) method to produce maghemite in a single step and 
produced uniform particles of 4nm in size successfully. Yaacob et al. (1994) and Ang 
and Yaacob (2007) used a special aqueous colloidal processing technique of using 
unilamellar vesicles and microemulsion as reactors, respectively. They reported the 
formation of particles with a mean diameter of less than 10nm. They managed to 
produce maghemite nanoparticles, however, the stability after a period of time remains 
a challenge for  researchers.  
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 Several authors reported that the preparation method used greatly affects the 
properties of synthesized nanoparticles (He et al., 2003; Landau et al., 1999: Kim and 
Hahn, 2001; Fang et al., 1998).  
 A classic method used to produce maghemite and magnetite nanoparticles is 
Massart’s procedure. The use of Massart’s procedure is another promising preparation 
technique for forming of magnetic nanoparticles. Particles with a defined shape and size 
can be prepared with this method (Tao et al., 2008; Liu et al., 2004). However, most of 
the studies were focused on the formation of pure magnetite and additional precursor 
materials were needed. The production of a single phase of maghemite nanoparticles 
and its stability is the main concern of this study. In addition, several authors also 
reported the evolution from γ to the α-Fe2O3 phase as a size-dependent transition as a 
decrease in particle size seems to provide better stability for γ-Fe2O3 (Ayyub et al., 1988; 
Grimm et al., 1997). Hence, the size of maghemite nanoparticles need to be further 
reduced to create a more stable condition for maghemite nanoparticles.  
 
2.5.1.2 Massart’s Procedure 
Massart’s procedure is a well established process created by Massart et al. (Bee et 
al., 1995).  This process was used as it is an economic and versatile technique to 
synthesis large amounts of materials with different compositions and particle sizes. 
 Maghemite nanoparticles were synthesized by chemical coprecipitation 
(Massart’s procedure) of ferric and ferrous ions in alkaline solution. In Massart’s 
procedure, aqueous solutions of FeCl2.4H2O (stabilized by adding a few drops of HCl) 
and FeCl3.6H2O are mixed at a molar ratio of Fe3+: Fe2+ of 2:1. Excessive amount of 
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ammonium hydroxide (NH4OH) are added to the solution to ensure that the 
precipitation process is complete. The addition of NH4OH causes instantaneous 
formation of black precipitates. After the precipitates have settled to the bottom of a 
beaker, the clear supernatant liquid is decanted.  The precipitates are washed with 
deionized water. This process is repeated several times. The precipitates are then stirred 
in a solution of nitric acid solution (HNO3). Nitric acid is used as an oxidation agent to 
oxidize the remaining iron oxides into maghemites. The particles are then recovered by 
centrifugation at 6000 rpm for 15 min. They are then completely oxidized to 
maghemites at 90°C in ferric nitrate solution, Fe(NO3)3.9H2O. The particles are isolated 
again and dispersed in deionized water at pH≈2.5 in order to maintain the stability of 
maghemite nanoparticles. Powder specimens are obtained by drying the suspension in 
an oven at a slightly elevated temperature.  
 In precipitation techniques, the usage of various salts and controlling processing 
parameters such as the mixing and stirring rates, pH, solution concentrations, molar 
ratios and temperature enable the control of the particle size of powders. It is also 
possible to obtain ceramic powders with mixed cations and solid solutions.  
 Although coprecipitation reactions in aqueous medium for preparing iron oxide 
nanoparticles have been researched for more than 20 years, the difficulties in 
synthesizing iron oxide nanoparticles by coprecipitation are still present, controlling of 
the particle size, size distribution and in particular, the resultant phase.  
 
26 
 
2.5.2 Preparation of Maghemite Nanocomposites 
2.5.2.1 Introduction 
Maghemite nanoparticles tend to aggregate and agglomerate to reduce the 
energy associated with their high surface area to volume ratio. Most of the unique 
properties are only present in properly dispersed particles and are no longer retained 
when they form agglomeration.  
 Several techniques have been employed to control the agglomeration problem, 
such as coating the nanoparticles with surfactant and co-surfactant (Ang and Yaacob, 
2007). The production of maghemite nanocomposites is a latest technique used to 
control the agglomeration problem. The generation of maghemite nanocomposites can 
be classified into two types, namely, the 1-step and 2-step procedure. In the 1-step 
procedure, maghemite nanocomposites are produced in a single step, whereby 
maghemite nanoparticles and silica gel are produced simultaneously. For this procedure, 
various methods have been used such as microemulsion (Santra et al., 2001; Yang et al., 
2004; Maria et al., 2001), sol-gel (Cannas et al., 2001), arc-discharge (Pachecco et al., 
2006), reactor (Barrada et al., 2005) and low-pressure flames (Janzen et al., 2003). 
 In the 2-step procedure, maghemite nanoparticles or silica gels are produced first 
and the encapsulation process is performed later. The 2-step procedure have been used 
by Mornet et al. (Mornet et al., 2002), Sartoratto et al. (Sartoratto et al., 2007) and 
Zhang et al. (Zhang et al., 1997) for producing iron oxide nanocomposites.  
 Although the 1-step procedure is more common compared to the 2-step 
procedure, the former method suffers from a major disadvantage, which is the size and 
shape of the nanoparticles are difficult to control. In addition, 1-step procedure usually 
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uses surfactants, reactors or stabilizers to help the dispersion process. It is known that 
such chemicals could not be completely removed (Santra et al., 2001) and the products 
are therefore unsuitable for bio-applications. Achieving particle size control in 
nanocomposites is certainly more difficult. Therefore, most of the works are devoted to 
a careful investigation of the relationship between particle size and magnetic properties 
rather that searching for the appropriate preparation conditions which favour particle 
size control. 
In this study, the 2-step synthesis method is employed. Firstly, maghemite 
nanoparticles are synthesized using Massart’s procedure. This process produces 
nanoparticles in the desired size range, which is less than 10nm. Secondly, the 
synthesized maghemite nanoparticles are encapsulated into silica gel matrix using sol-
gel method. The nanoparticles are incorporated within the silica matrix. The matrices 
provide a physical barrier to reduce the interaction between the nanoparticles and hence, 
prevent their aggregation or agglomeration. This method enables the achievement of 
homogeneous and well dispersed particles within silica matrix.  
 Table 2.2 summarizes some of the selected properties for nanocomposites based 
on different techniques reported in literature.  
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 Table 2.2: 
Summary of Current Research on Magnetic Nanocomposites 
Authors Technique used Results Disadvantages 
Santra et al.  
(2001) 
• 1-step technique 
• Synthesis of γ-
Fe2O3 by W/O 
microemulsion of 
iron salts (FeCl2 
and FeCl3) and 2 
different bases 
(NaOH and 
NH4OH).  
• TEOS is added to 
both 
microemulsion 
solution  
• Purged nitrogen 
gas during mixing 
in ultra sonicator 
 
• Surfactant is not 
completely 
removed 
 
• Particle size (1-
2nm) 
 
 
• Silica coating 
layer (1-2nm) 
• Silica aerogel 
matrix 
 
• Images are poor, 
indicated the 
presence of 
surfactant. 
• Surfactant affects 
the stability and 
shape of 
maghemite.  
• Low magnetization 
even at 20kOe of 
applied field.  
• Purging is needed 
throughout the 
experiment 
Cannas et 
al. 
(2001) 
• 1-step technique 
• TEOS is added to 
a solution 
containing iron 
nitrate dissolve in 
ethanol-ethylene 
glycol. 
• 17-20days of 
gelation 
• Drying 140oC for 
24h 
• Heat treatment 
until 900oC 
• Presence of 
maghemite is 
observed only 
after heat 
treatment of 
900oC. 
• Presence of 
hematite for 
sample with higher 
wt % of Fe 
(28wt%) 
• Particle size (3-
4nm) for 16.9wt % 
Fe and 5-6nm for 
28wt% of Fe 
• Ms = 34-43emu/g 
• Silica aerogel 
matrix 
 
• Hardly produce pure 
maghemites 
• The magnetism 
behaviour is 
ferromagnetic, with 
loop not 
superparamagnetic 
• Need heat treatment 
up to 900oC. 
• Long gelation 
period. 
Mornet et 
al. 
(2002) 
• 2-step technique 
• First Massart’s 
synthesis 
followed by W/O 
microemulsion 
and hollow sphere 
synthesis. 
• Surfactants used: 
• Maghemite = 5-
10nm, BET = 
130m2/g. 
• Particulate gel 
appears at pH2.5 
with embedded 
maghemite 
nanoparticles, 
• Use of surfactants 
• Magnetism is 
ferromagnetic  
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Brij®30/AOT.  
• 20h stirring 
 
BET= 440m2/g 
• Maghemite 
nanocomposite is 
stable for pH 
higher than 5 and 
remain unaltered 
until 1273K 
(1000oC). 
 
Pacheco et 
al. 
(2006) 
• 1-step procedure 
• Experiment 
involving 3000oC 
• Ms = 160emu/g 
• Ferromagnetic 
• Magnetite 
nanocomposite 
• Particle size = 10-
30nm 
• BET = 30.6m2/g 
• Complicated arc-
discharge method 
which involves 
3000oC 
• Silica source is 
purchased from 
Sigma-Aldrich and 
ball-milled for 16 h 
to obtain microscale 
oxidized silicon 
powder.  
• Costly 
Yang et al. 
(2004) 
• 1-step technique 
• Synthesis γ-Fe2O3 
by W/O 
microemulsion of 
iron salts (FeSO4 
and FeCl3) and 
NH4OH.  
• TMOS is added to 
both 
microemulsion 
solution  
• Purged nitrogen 
gas during mixing 
in ultra sonicator 
 
• Particle size = 5-
7nm 
• Mixed product of 
magnetite and 
maghemite. 
• Use of surfactant 
• Produce a mixed 
product 
• Purging is needed 
throughout the 
experiment 
 
Maria et al. 
(2001) 
• Same method as 
Cannas but 
different wt% of 
Fe for xerogel, 
• Supercritical 
drying process is 
carried out 
 
• Maghemite 
nanocomposites 
(xerogel and 
aerogel) are 
obtained after heat 
treatment of 
900oC. 
• High surface area, 
in the range of 
500-800m2/g 
 
 
• Heat treatment 
needed 
• Long gelation time 
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Barrado et 
al. 
(2005) 
Method 1: 
• 1-step procedure 
using reactor  
• pH 10 
• Bubbling through 
the solution for 1h 
• Heat at 100oC for 
48h 
 
Method 2: 
• 2-step method 
using reactor 
• pH10 
• Stirring for 24 h 
and heating for 
48h 
Method 1 
• less magnetic 
properties 
• only magnetite 
obtained 
 
Method 2 
• Obtained hematite 
and is unstable. 
Hematite will 
changes according 
to temperature. 
• Irregular 
morphology of 
nanocomposites 
• Non-stable iron 
oxides formed 
• Involvs reactor, 
which is costly. 
Sartoratto 
et al. 
(2007) 
• 2-step procedure 
• Molar ratio = 
0.013and 0.020 
Fe/Si 
• Sol-gel system is 
TEOS/Ethanol/wa
ter/H+  
• 30 gelation days 
• Heating in the 
range of 120-
1400oC for 1h 
• As-synthesized 
maghemite 
nanoparticles 
doped with a small 
amount of Fe(II) 
ions. 
• Stability of 
maghemite 
nanoparticles is up 
to 300oC 
• Stability of 0.02 
Fe/Si 
nanocomposites is 
up to 900oC 
 
• Stability of 
maghemite 
nanocomposties 
only up to 300oC for 
Fe/Si molar ratio 
more than 0.02 
• Long gelation time 
 
Solinas et 
al. 
(2001) 
 
• 1-step procedure 
by sol-gel 
• Study the effects 
of varying 
surface/volume 
(S/V) ratio  
• Study the effects 
of the heat 
treatment on the 
formation of γ-
Fe2O3 
• Stability of 
maghemite 
nanoparticles is up 
to 400oC 
• Gelation time 
depends on the 
gelation 
temperature and 
S/V ratio 
• Particle size is 
around 10nm to 
25nm  
 
 
 
• Particle size is big 
(10-25nm) 
• Long gelation time 
• Stability of γ-Fe2O3 
only up to 400oC. 
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Zhang et al. 
(1997) 
• 2-step procedure 
• Iron oxides are 
prepared by 
coprecipitation 
technique and 
coated within 
silica by sol-gel. 
 
• Particle size is 4-
5nm.  
• Superparamagneti
c 
 
• Some elongated 
particles are found 
Janzen et 
al. 
(2003) 
• 1-step procedure 
• Use low-pressure 
premixed flames 
of hydrogen and 
oxygen 
• Particle size was 
3-7nm.  
• Maghemites 
exhibit 
superparamagnetic 
behaviour 
• Complicated 
process  
• High cost 
 
2.5.2.2 Sol-Gel 
 The main challenge in the synthesis of nanopartricle is the attainment of well 
defined particle size and morphology. The use of an inorganic matrix as a host for 
nanocrystalline particles can provide an effective way for tailoring uniform particle size 
and controlling the homogeneous dispersion of ultrafine metal oxide clusters. The sol-
gel derived oxide matrices act as excellent supports for the dispersion of metal or metal 
oxide magnetic particles. In this case, the process is frequently based on the hydrolysis 
of the precursors, such as tetraethoxysilane (TEOS) and subsequent condensation of 
hydrolysed TEOS in a medium containing hydroalcholic solution of the metal salt. 
 The sol-gel process, also known as chemical solution deposition, is a wet-
chemical technique widely used in the fields of materials science and ceramic 
engineering. Such methods are used primarily for the fabrication of materials (typically 
a metal oxide) starting from a chemical solution (or sol) that acts as the precursor for an 
integrated network (or gel) of either discrete particles or network polymers. Typical 
precursors are metal alkoxides and metal chlorides, which undergo various forms of 
hydrolysis and polycondensation reactions (Internet Reference, 29/9/2010a). 
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The sol-gel process allows the fabrication of materials with a large variety of 
properties: ultra fine powders, monolithic composites, thin film coatings and aerogel. 
Sol-gel chemistry is a remarkably versatile approach for fabricating materials. Scientists 
have used it to produce the world’s lightest materials and some of its toughest ceramics. 
In typical sol-gel syntheses, metal or main-group element compounds undergo 
hydrolysis and condensation reactions, giving gel materials with extended three-
dimensional structures or in particulate form if the hydrolysis and condensation rates are 
accelerated. As shown in the following equation for silicon, the addition of an acid or 
base catalyst to a solution of an alkoxysilane reagent, such as tetramethoxysilane 
(TMOS), water, and methanol leads to the hydrolysis of Si-OMe bonds to form Si-OH 
functional groups: 
          (2.4) 
 Subsequent elimination of water from two such Si-OH groups gives eventually 
an extended silica gel matrix (known as xerogel when dry). Since hydrolysis and 
condensation reactions occur concurrently, monomeric silanols proceed to xerogel 
through oligomeric and polymeric intermediates. As these reactions progress, the 
viscosity of sol-gel solutions increases and can reach a “spinable” stage at which point 
thin films or fibers can be produced. Otherwise, xerogel products are obtained as porous 
powders or monoliths which assume the shape of their containers. If desired, residual 
Si-OH groups remaining in the xerogel product can be removed at an elevated 
temperature to give a fully densified SiO2. 
 Sol-gel methods are commonly used to prepare nanocomposite materials 
because these conversions occur readily with a wide variety of precursors and can be 
Si(OMe)4   +  H2O  
   TMOS 
MeOH 
Si(OH)4   +  4MeOH  
-2H2O 
 
SiO2 gel   
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conducted at or near room temperature. In addition, the gel products frequently have 
properties ideal for desired applications. Porous ceramic xerogel of high surface area 
can serve as supports for chemical catalysts (Cauqui and Rodriguez-Izquierdo, 1992; 
Elaloui et al., 1997) and thin film deposition is useful for materials possessing desired 
optical or magnetic properties (Nalwa, 2002). 
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CHAPTER 3: EXPERIMENTAL PROCEDURE 
3.1 MATERIALS AND METHODS 
 This chapter describes the materials used and the experimental setup of this 
study.  
 
3.1.1 Raw Materials and Experimental Procedure 
 The study consisted of three main stages of experiments. All stages included 
characterization of the prepared samples. A flowchart of the research procedure is 
shown in Fig. 3.1. 
 The first stage involved the synthesis of maghemite nanoparticles using 
Massart’s procedure. The raw chemicals used for preparation of maghemite 
nanoparticles were ferrous chloride hexahydrate (Sigma), ammonium hydroxide (Fisher 
Chemicals), ferric chloride (Fisher Chemicals), ferric nitrate (AJAX Chemicals), 
hydrochloric acid (AJAX Chemicals) and nitric acid (Merck).  
 The second stage of this study involved the preparation of maghemite 
nanocomposites in silica xerogel matrix. The nanocomposites containing as-synthesized 
maghemite nanoparticles and SiO2 xerogel were prepared using sol-gel procedure. The 
raw materials used for silica xerogel were tetrapropyl ammonium hydroxide solution, 
TPA (Aldrich) and tetraethyl orthosilicate, TEOS (Aldrich) and deionized water.  
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Figure 3.1:   
Flowchart of the Research Methodology  
 
 
 
Selection of Materials 
Stage I (Synthesis of maghemite 
nanoparticles using Massart’s Procedure) 
Characterization of Samples  
Proceed to Stage II and 
Stage III 
Undesirable/failed samples Reject 
• Elemental composition 
• Phase and crystal structure 
• Surface morphology analysis 
• Thermal stability 
• Surface area and particle size 
analysis 
• Microscopy analysis 
Samples with the smallest sized 
nanoparticles and highest stability  
• Elemental composition 
• Phase and crystal structure 
• Surface morphology analysis 
• Thermal stability 
• Surface area and particle size 
analysis 
• Microscopy analysis 
Characterization of Samples  
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 The third stage of this study involved the preparation of maghemite 
nanocomposites in particulate form of silica matrix. The modified sol-gel method was 
used for the preparation of the nanocomposites. The raw materials used were tetraethyl 
orthosilicate, TEOS (Aldrich), ethanol (Ajax Chemical), ammonium hydroxide (Fisher 
Chemicals) and deionized water.  
 Deionized water with a resistivity of approximately 16-18 MΩ/cm was obtained 
using ELGA ultra analytic deionizer, and was used for the preparation of the solutions. 
All chemicals were of analytical grade and were used without any further purification.  
 
3.1.1.1 Synthesis of Maghemite Nanoparticles using Massart’s Procedure 
         Maghemite nanoparticles were synthesized by chemical coprecipitation (Massart’s 
procedure) of ferric and ferrous ions in alkaline solution. Aqueous solutions of 
FeCl2.4H2O (stabilized by the addition of a few drops of HCl) and FeCl3.6H2O were 
mixed at a Fe3+: Fe2+  molar ratio of 2:1. Excessive amount of ammonium hydroxide 
(NH4OH) was then added to the solution to ensure that the precipitation process was 
complete. The addition of NH4OH caused instantaneous formation of black precipitates. 
After the precipitates settled at the bottom of the beaker, the clear supernatant was 
decanted.  The precipitates were then washed with deionized water and the process was 
repeated several times. The precipitates were stirred in nitric acid solution (HNO3). 
Nitric acid was used as an oxidation agent to oxidize the remaining iron oxide into 
maghemite. The particles were then recovered by centrifugation at 6000 rpm for 15 min. 
The particles were completely oxidized to maghemites at 90°C in ferric nitrate solution. 
The particles were isolated again and then peptized in deionized water (Ang and 
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Yaacob, 2006). Powder specimens were obtained by drying the suspension in an oven at 
a slightly elevated temperature. The flowchart of the process is shown in Fig. 3.2. 
 Five samples were produced using different FeCl2 concentrations: 0.1M, 0.8M, 
1.0M, 1.2M and 1.5M. The samples were labelled as M01, M08, M10, M12 and M15 
for0.1M, 0.8M, 1.0M, 1.2M and 1.5M, respectively. The concentrations of the FeCl3 
was varied accordingly in order to maintain a Fe3+: Fe2+ molar ratio of 2:1. 
 The maghemite nanoparticles were characterized using XRD, TGA, TEM, DLS, 
BET and AGM. 
 
Figure 3.2:  
Flowchart of Massart’s Procedure for Stage I 
 
Characterization 
38 
 
3.1.1.2 Preparation of Maghemite-Silica Xerogel Nanocomposite  
 The maghemite nanocomposites containing as-synthesized maghemite 
nanoparticles and SiO2 xerogel were prepared using sol-gel procedure. A typical sol-gel 
precursor mixture consisting of TEOS, tetrapropylammonium hydroxide solution and 
deionized water was used. The weight ratio of the precursors was 5:7:3, respectively. 
The sol-gel mixture was stirred overnight. The maghemite nanoparticles were then 
dispersed in the aged sol-gel mixture by stirring for an additional 3 hours. The system 
was then heated for a period of 3 days at 140oC. The product was washed with 
deionized water by centrifugation at 6000 rpm for 5 min to remove the un-encapsulated 
maghemite nanoparticles. The flowchart of the process is shown in Fig. 3.3. 
 Various weight ratios of Fe2O3/SiO2 were prepared and investigated. The 
samples were labelled as MN010, MN025, MN050, MN100 and MN150, corresponding 
to 0.14, 0.35, 0.7, 1.4 and 2.08 weight ratios of Fe2O3/SiO2, respectively. A control 
sample of SiO2 was prepared (without addition of maghemite nanoparticles) and 
labelled as S1. The nanocomposites were characterized using XRD, TGA, TEM, 
FESEM, BET and AGM. 
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Figure 3.3:  
Flowchart of Sol-Gel Process for Stage II 
 
3.1.1.3 Preparation of Maghemite-Silica Particulate Form Nanocomposites  
 In addition, the process for preparing silica xerogel matrix was modified to form 
silica matrix in particulate form. The purpose of changing the matrix from xerogel to 
particulate form was to increase the surface area and hence increase the sensitivity 
while maintaining its properties. 
 The maghemite nanocomposites consisting of as-synthesized maghemite 
nanoparticles and particulate form of SiO2 matrix were prepared using modified sol-gel 
procedure. A typical sol-gel precursor mixture consisting of TEOS and deionized water 
was used. The weight ratio of the precursor was 5:3, respectively. The sol-gel mixture 
was stirred for 15 min in ultrasonic bath. The maghemite nanoparticle powders were 
then dispersed in ethanol (6 ml) followed by dispersion in the aged sol-gel mixture for 
an additional 1 hour in ultrasonic bath. The pH of the solution was retained at 10 to 
achieve the particulate form of silica matrix. In this analysis, ammonium hydroxide 
solution was used to control the pH level. Following this, the system was heated for a 
Heat 140oC for 3days 
TEOS H2O TPA 
Stir Overnight 
Add in maghemite 
nanoparticles (powder) 
Stir for additional 3 
hours 
Final Product 
(Nanocomposite) 
washing 
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period of 3 days at 140oC. The product was washed with deionized water by 
centrifugation at 6000 rpm for 5 min to remove un-encapsulated maghemite 
nanoparticles. The flowchart of the process is shown in Fig. 3.4. 
 A number of selected weight ratios of Fe2O3/SiO2 were prepared and 
investigated. The weight ratios of Fe2O3/SiO2 investigated were 0.35, 0.7 and 1.4 and 
labelled as MNP025, MNP050 and MNP100, respectively.  
 This method is a promising alternative technique for fabrication of 
nanocomposites as it is simple, manufacturable, inexpensive and fast. Additionally, it is 
prepared at room temperature and the composition, crystalline distribution and 
properties of maghemite nanoparticles and maghemite nanocomposite can be 
controlled. Moreover, no surfactants or other unnecessary precursors are involved.  
 The nanocomposites were characterized using XRD, TGA, FESEM, TEM, 
HRTEM, BET and AGM.  
 
 
 
 
 
 
 
Figure 3.4:  
Flowchart of Sol-Gel Process for Stage II 
Heat 140oc for 3 
days 
TEOS H2O 
Stir in ultrasonic bath 
(15mins) 
Add in dispersion of 
maghemite nanoparticles 
(in ethanol) 
Stir for additional 1 
hour in ultrasonic bath 
Final Product 
(Nanocomposite) 
washing 
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CHAPTER 4: RESULTS AND DISCUSSION 
4.1 SYNTHESIS OF γ-Fe2O3 NANOPARTICLES BY MASSART’S 
PROCEDURE (STAGE I) 
 In this research, maghemite nanoparticles were produced by Massart’s 
procedure and the effects of varying the FeCl2 concentration on the physical and 
magnetic properties of nanoparticles were investigated. 
 
4.1.1 Formation of Maghemite (γ-Fe2O3) Nanoparticles  
Five samples were prepared for this study. The steps for the formation of 
maghemite nanoparticles are summarized as follows: 
a) NH4OH solution was added into a mixture of ferrous chloride (FeCl2) and ferric 
chloride (FeCl3) solution. Dark brown precipitates were observed. Excess NH4OH 
solution changed the colour of the precipitates to black, which indicates that 
magnetite precipitates (Fe3O4,) were obtained. 
 FeCl2 + 2FeCl3 + NH4OH                        Fe3O4 + 4HCl + 4 NH4Cl (4.1) 
b) After washing by centrifugation, the particles were peptized in 2M HNO3 solution 
under vigorous stirring in order to create positive surface charges.  
c) The resultant Fe3O4 precipitates were oxidized with FeNO3 solution until the 
Fe2+/Fe3+ ratio in the particles was lower than 0.05, which indicates that 
magnetites were converted to maghemites.  
2Fe3O4 + ½ O2     3(γ-Fe2O3)  (4.2) 
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d) The precipitates were isolated by a magnet. It was then washed in deionized water 
and dispersed in deionized water at pH≈2.5 in order to maintain the stability of 
maghemite nanoparticles.  
 In this study, five samples were prepared with different FeCl2 concentrations. 
The details of the samples are listed in Table 4.1. 
Table 4.1: 
FeCl2 and FeCl3 Concentrations of Samples 
Sample FeCl2 Concentration, (M) FeCl3 Concentration, (M) 
M01 
M08 
M10 
M12 
M15 
0.1 
0.8 
1.0 
1.2 
1.5 
0.2 
1.6 
2.0 
2.4 
3.0 
 
4.1.2 Thermal Properties 
 Fig. 4.1 shows the TGA curves of samples M01, M08, M10, M12 and M15. The 
curves exhibit similar behaviour. A weight loss of about 18-33 % is observed upon 
heating over the range of room temperature to 700 oC, as shown in Table 4.2. Most of 
the weight loss occurs below 230 oC, which is mainly due to the removal of solvent and 
dehydration process. No obvious weight loss is observed within the range of 230 – 700 
oC, which indicates that the maghemite nanoparticles are thermally stable. On the 
contrary, a minor weight loss occurs around 255 oC due to transformation of 
dehydroxylation of the lepidocrocite structures leading to the formation of maghemite 
(Dinesen et al., 2001) as well as the aggregation of unstable maghemite nanoparticles 
which transform into hematite and magnetite at around 380oC (Sartoratto et al., 2006, 
Grimm et al., 1997). 
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 Nanocrystalline maghemites, in which the oxygen atoms are arranged in a face-
centered cubic (FCC) structure, is of a spinel-type phase. When the temperature 
increases to a certain value, the metastable nanocrystalline maghemites is reconstructed 
into stable magnetites, whereby the oxygen atoms are from hexagonal close-packed 
(HCP) structure. The thermal studies show that the maghemites are stable up to 700 oC. 
This is due to the extremely small size (less than 10 nm size range) of the as-
synthesized maghemite nanoparticles. It is well known that the maghemite to magnetite 
transition occurs at higher temperatures with decreasing grain size. The reduction in 
grain size of maghemite nanoparticles enhanced their thermal stability. (Ye et al., 1998; 
Ayyub et al., 1988; Schimanke and Martin, 2000).  
Table 4.2: 
Percentage Weight Loss of Samples 
Sample Weight loss (%) 
M01 
M08 
M10 
M12 
M15 
32.52 
28.58 
18.78 
21.05 
19.55 
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4.1.3 Phase and Crystal Structure 
The XRD patterns of the as-synthesized γ-Fe2O3 nanoparticles are shown in Fig. 
4.2. The characteristic peaks corresponding to (220), (311), (400), (511), and (440) 
planes are clearly observed and located at about 2θ = 30.09 o, 35.60 o, 43.28 o, 56.74 o, 
and 62.86 o, respectively. The peaks are very close to the ones which belong to the 
ICDD PDF Card Number 39-1346, as shown in Table 4.3. Analysis of the XRD patterns 
reveals that the particles are maghemite (ICDD PDF Card No. 39-1346). 
 
Table 4.3: 
Comparison between the XRD Characteristic Peaks of Samples and Standard 
As-prepared γ-Fe2O3 ICDD PDF No. 39-1346 
Angle (2θ) Miller indices (hkl) Angle (2θ) Miller indices (hkl) 
30.085 
35.595 
43.275 
56.835 
62.855 
220 
311 
400 
511 
440 
30.266 
35.661 
43.321 
57.323 
62.983 
220 
311 
400 
511 
440 
  
 The results were confirmed further by calculating the lattice parameter of the 
samples (Gunzler and Williams, 2001). The actual lattice parameter of the samples was 
also determined using the data extracted from the XRD patterns, as shown in Tables 4.4 
- 4.8 and Fig. 4.3. The lattice parameters calculated are within the range of 8.33 - 8.35 Ǻ. 
It is noted that the cited lattice parameter is 8.33 and 8.396 Ǻ for bulk maghemite and 
magnetite, respectively. Therefore, the values obtained indicate that the particles are 
more likely to be maghemite rather than magnetite. It is emphasized that the lattice 
parameter for sample M10 is equal to the value for bulk maghemite.  
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  Table 4.4:  
Lattice Parameter for Sample M01 
2θ (o) d-spacing (Ǻ) Miller indices (hkl) Lattice Constant (Ǻ) 
30.375 
35.484 
43.275 
57.425 
62.875 
2.939 
2.527 
2.088 
1.603 
1.476 
220 
311 
400 
511 
440 
8.31 
8.38 
8.35 
8.33 
8.35 
                aaverage 8.34 
 
 
Table 4.5: 
Lattice Parameter for Sample M08  
2θ (o) d-spacing (Ǻ) Miller indices (hkl) Lattice Constant (Ǻ) 
30.055 
35.564 
43.485 
57.485 
62.805 
2.969 
2.521 
2.078 
1.601 
1.478 
220 
311 
400 
511 
440 
8.40 
8.36 
8.31 
8.32 
8.36 
                aaverage 8.35 
 
 
Table 4.6: 
Lattice Parameter for Sample M10 
2θ (o) d-spacing (Ǻ) Miller indices (hkl) Lattice Constant (Ǻ) 
30.505 
35.579 
43.325 
57.365 
62.851 
2.927 
2.520 
2.086 
1.604 
1.477 
220 
311 
400 
511 
440 
8.28 
8.36 
8.34 
8.34 
8.35 
                aaverage 8.33 
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Table 4.7: 
Lattice Parameter for Sample M12 
2θ (o) d-spacing (Ǻ) Miller indices (hkl) Lattice Constant (Ǻ) 
30.306 
35.586 
43.405 
57.475 
62.8445 
2.945 
2.520 
2.082 
1.601 
1.477 
220 
311 
400 
511 
440 
8.33 
8.36 
8.33 
8.32 
8.35 
                aaverage 8.34 
 
Table 4.8: 
Lattice Parameter for Sample M15 
2θ (o) d-spacing (Ǻ) Miller indices (hkl) Lattice Constant (Ǻ) 
30.205 
35.569 
43.365 
57.285 
62.933 
2.955 
2.521 
2.084 
1.606 
1.475 
220 
311 
400 
511 
440 
8.36 
8.36 
8.34 
8.35 
8.34 
                aaverage  8.35 
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Figure 4.3: 
Lattice Parameter for Samples 
 
 The broadening and lowering of intensity of the peaks in the XRD patterns in 
Fig. 4.2 indicate that the crystallite sizes of the samples are within nanometre scale for 
all samples. Assuming that the size distribution was the dominant cause for broadening, 
the average crystallite sizes of the samples were calculated (as shown in Table 4.9 and 
Fig. 4.4) from two major peaks, (311) and (440) using Scherrer’s equation: 
    
θβ
λ
cos
)3.57(9.0
=
XRD
d     (4.3)  
where,  dXRD = calculated crystallite size, 
  λ      = wavelength, 1.54056 Å 
  β      = full width at half maximum (FWHM) of the peaks 
  θ      = diffraction angle 
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 The factor 0.9 is an approximation of the angle 2θ at the maximum intensity, Imax. 
The value 57.3 is a constant used for the conversion between degree and radian. 
A Profile Fitting software, Profit, was used to determine the value of FWHM and 
β. This program decomposes a powder diffraction pattern into its constituent Bragg 
reflections and yields defining parameters of each reflection. Lanthanum hexaboride 
(LaB6) was used as the standard calibration material for instrumental broadening 
measurements. 
 The calculated crystallite sizes are 6.79 nm, 6.56 nm, 6.14 nm, 6.72 nm and 7.24 
nm for samples M01, M08, M10, M12 and M15, respectively. From Figs. 4.3 and 5.4, 
the graphs exhibit a similar trend except for sample M08 (Fig. 4.3). The graphs indicate 
smaller crystallite size will have lattice parameter that is closer to maghemite’s lattice 
parameter. This also shows that small crystallite size creates the stability for the 
maghemite nanoparticles. The results agree well with those reported in the literature 
(Ayyub et al., 1988; Schimanke and Martin, 2000).  
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Figure 4.4: 
Comparison of Crystallite Size for Samples  
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4.1.4 Morphology and Physical Size 
 In this study, TEM analysis was performed, which provides information on the 
physical size and shape of primary particles and their state of agglomeration. The 
average size of the particles was calculated from about 100 particles. 
 TEM micrographs of the as-synthesized maghemite nanoparticles are shown in 
Figs. 4.5 - 4.9. The particles are nearly spherical and are within the nanometre size 
range. Moderate aggregation and agglomeration of particles are observed in the 
micrographs, which may be due to long-range magnetic dipole-dipole interactions and 
Van der Wall interaction between the particles. Moderate aggregation and 
agglomeration may also be caused by the drying process during TEM sample 
preparation. The occurrence of aggregation and agglomeration is a solid reason to 
proceed to Stage II and Stage III. The aggregation and agglomeration problem will be 
minimized by the encapsulation process in Stage II and III. This stabilizes the 
maghemite nanoparticles from any transformations.  
 The ESI analysis was carried out on sample M10, which proves that the particles 
as iron-based compounds, as shown in Fig. 4.10.  
 The size distribution histograms are shown in Figs. 4.11 - 4.15. Most of the 
particles are between 2 and 10nm. The calculated mean diameters are 5.97 nm, 6.02 nm, 
4.98 nm, 5.35 nm and 5.98 nm for samples M01, M08, M10, M12 and M15, 
respectively. From measurement, M10 exhibits the smallest size compared with other 
samples. The trends of result agree well with the crystalline size calculated from XRD 
result shown previously. 
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Figure 4.11: 
TEM Physical Size Distribution Histogram for Sample M01 
 
 
Figure 4.12: 
TEM Physical Size Distribution Histogram for Sample M08 
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Figure 4.13: 
TEM Physical Size Distribution Histogram for Sample M10 
 
 
Figure 4.14: 
TEM Physical Size Distribution Histogram for Sample M12 
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Figure 4.15: 
TEM Physical Size Distribution Histogram for Sample M15 
 
4.1.5 Surface Area Analysis 
 Due to the presence of agglomerates, it was sometimes difficult to determine the 
exact size of a single particle in the samples. Therefore, the size of the particles 
measured from the TEM images may be slightly inaccurate. In order to solve this 
problem, another measurement technique, i.e., gas adsorption desorption analysis was 
employed. In principle, this method is used to measure the specific surface area of 
materials. However, the size of particles can be determined using the relationship 
between surface area and particle size, assuming that the particles are spherical and non-
porous.  
     

	
    (4.4) 
where ρ is the density of bulk maghemite and S is the specific surface area calculated by 
BET. Moreover, the mean pore size and the pore size distribution of the materials can 
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also be analyzed using this method. The results from the calculation are summarized in 
Table 4.10. 
 The typical gas adsorption-desorption isotherms of maghemite nanoparticles are 
shown in Fig. 4.16(a) - (e). The gas adsorption desorption isotherms exhibit these 
features: (i) the adsorption at relative pressure, p/po → 0 is nearly zero, indicating the 
absence of micropores in the samples; (ii) a significant increase in volume adsorbed 
within a p/po range of 0.1 - 0.3, (iii) further increase in volume adsorbed and opening of 
hysteresis loops occurs at p/po of 0.3 – 0.99; (iv) a sharp increase in adsorbed amount at 
p/po → 1. According to IUPAC classification, this type of isotherm is classified as type 
IV isotherm, i.e. a mesoporous material, with hysteresis loop within the range of p/po 
from 0.3 to 0.99. The existence of hysteresis loops in the isotherms is due to capillary 
condensation of N2 gas occurring in the mesopores. Therefore, the isotherms are 
considered as a characteristic features of mesoporous materials.  
 Higher surface area means smaller particle size. The specific surface area 
increases when the concentration of FeCl2 is increased from 0.1 to 1.0 M and decreases 
when the concentration is increased further to 1.5M. The calculated size is shown in 
Table 4.10. The results are in agreement with the XRD and TEM results.  
     Table 4.10: 
Specific Surface Area (BET) and Calculated Particle Size of Samples 
Sample Specific Surface 
Area (m2/g) 
Calculated Particle Size 
(nm) 
M01 87.1196  14.97 
M08 96.9338 13.46 
M10 154.3747 8.34 
M12 73.3839 17.77 
M15 71.3751 18.28 
64
 
 
   
 
Fi
gu
re
 4
.1
6:
  
 N
2-
ga
s 
A
ds
or
pt
io
n 
D
es
or
pt
io
n 
Is
ot
he
rm
 fo
r S
am
pl
e 
(a
) M
01
, (
b)
 M
08
 
 
010203040506070809010
0 0
.0
0
0.
20
0.
40
0.
60
0.
80
1.
00
Volume (cm
3
/g)
R
el
at
iv
e 
Pr
es
su
re
 (P
/P
o)
02040608010
0
12
0
14
0
16
0
18
0
20
0 0
.0
0
0.
20
0.
40
0.
60
0.
80
1.
00
Volume (cm
3
/g)
R
el
at
iv
e 
Pr
es
su
re
 (P
/P
o)
(a
) 
(b
) 
65
 
 
  
 
 
Fi
gu
re
 4
.1
6 
(c
on
tin
ue
): 
 
(c
) M
10
, (
d)
 M
12
 a
nd
 
 
05010
0
15
0
20
0
25
0
30
0
35
0
40
0 0
.0
0
0.
20
0.
40
0.
60
0.
80
1.
00
Volume(cm
3
/g)
R
el
at
iv
e 
Pr
es
su
re
 (P
/P
o)
0102030405060708090
0.
00
0.
20
0.
40
0.
60
0.
80
1.
00
Volume (cm
3
/g)
R
el
at
iv
e 
Pr
es
su
re
 (P
/P
o)
(c
) 
(d
) 
66
 
 
  
 
 
Fi
gu
re
 4
.1
6 
(c
on
tin
ue
): 
 
(e
) M
15
 
01020304050607080
0.
00
0.
20
0.
40
0.
60
0.
80
1.
00
Volume(cm
3
/g)
R
el
at
iv
e 
Pr
es
su
re
 (P
/P
o)
(e
) 
67 
 
 
Figure 4.17: 
Specific Surface Area (BET)  
 
 
Figure 4.18:  
BET Physical Size for Samples 
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4.1.6 Dynamic Light Scattering Analysis 
 The size distributions of maghemite nanoparticles were measured using dynamic 
light scattering (DLS) method in order to investigate the dependence of size on the 
concentration of FeCl2. 
 The DLS histograms are shown in Fig. 4.19. The particle size increases 
gradually with increasing FeCl2 concentration. The relationship between the particle 
size and FeCl2 concentration in Massart’s procedure is plotted in Fig. 4.20, and the 
observed trend is similar to the TEM, XRD and BET results.  
 
Figure 4.19: 
DLS Size Distribution of Samples  
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Figure 4.20: 
DLS Mean Size of Samples  
 
4.1.7 Magnetization Analysis 
 Fig. 4.21 shows a typical hysteresis curve of the samples at room temperature. The 
magnetic behaviour of the samples is under the influence of an applied magnetic field 
which alternates from a maximum of 10 kOe to a minimum of -10 kOe. The magnetic 
properties of all samples were extracted from the measurements and are summarized in 
Table 4.11. 
The magnetization curves of the samples do not exhibit hysteresis loops as they 
pass through the origin at room temperature, which indicate that the remanence and 
coercivity are zero. This shows that the samples are superparamagnetic. 
Superparamagnetic phenomenon occurs only when the particle size is below a certain 
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critical dimension. In contrast, bulk magnetites or maghemites are ferrimagnetic. Typical 
values for hysteresis parameters of superparamagnetic materials are (Moskowitz, 1991): 
Mr/Ms << 0.01    (4.5) 
 Magnetic properties such as coercivity, blocking temperature, saturation 
magnetization and remanent field are a function of the particle size, shape, and surface 
chemistry (Asti et al., 1994; Fang et al., 2000). When the particle is sufficiently small, 
ferrimagnetic materials lose their magnetization below the Neel temperature and become 
superparamagnetic. Hence, the material no longer exhibits any hysteresis. This is due to 
the fact that magnetic particles below a certain critical size cannot support more than one 
domain. The magnetization vector becomes unstable in this size range and begins to 
wander in a thermally activated manner analogous to the Brownian movement (Crangle, 
1977).  
 The maximum magnetization for all samples at 10 kOe (Ms10kOe) are within 9 – 
24 emu/g, which is lower than the reported value for bulk maghemite (74 emu/g). This 
phenomenon is usually observed in nanoparticle interacting systems. Such a reduction 
of Mmax can be ascribed to surface effects arising from broken symmetry and reduced 
coordination of atoms lying at the surface of maghemite nanoparticles and also to a high 
degree of interparticle interactions (Kluchova et al., 2009). The particle size decreases 
and the surface/volume ratio increases such that surface effects dominate the magnetic 
properties (Gilbert et al., 2003), which may be due to the existence of noncollinear spins 
at the surface. The surface curvature of the nanoparticles is much larger for smaller 
particle size, which promotes disordered crystal orientations on the surface, which 
results in a significantly decreased Ms for smaller nanoparticles (Binh et al., 1998; 
Varanda et al, 2002; Coey, 1971; Santra et al., 2001).  
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When the particles are characterized by a non-uniform size distribution, the major 
contribution to the slope near a zero applied field (H = 0) comes from the largest particles. 
Thus, the calculated magnetic size is defined as “least upper bound magnetic size” 
(Yaacob et al., 1994). Assuming that the sample is maghemite, whereby the Ms value and 
density value for bulk material is 73 emu/g and 4.6 x 106 g/m3 respectively, the least 
upper bound magnetic size of these particles is given by the following formula (Yee, 
2003). The details regarding the magnetic properties and the calculated magnetic size 
are summarized in Table 4.11. 
magd =  
3/1
2
0
18


















=
s
H
M
dH
dM
kT
πρ
    (4.6) 
where: 
k    = Boltzmann constant (1.38 x 10-16 erg/K) 
T   = Room temperature (298K),  




  = Slope of the magnetization curve near zero field, and  
ρ = Density of maghemite (4.6 x  106g/m3) 
Ms   = Saturation magnetization (73emu/g) 
 In view of the simplifying assumption of non-interacting, monodispersed, 
uniaxial magnetic particles, this result is comparable to the size of the particles as 
determined from XRD and TEM.  
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Table 4.11:  
Magnetization Saturation and Calculated Magnetic Size 
 
 
Figure 4.21: 
Magnetic Size for Samples 
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dM/dH(H=0) Magnetic Size (nm) 
M01 0.0024 17.89 0.04445 7.53 
M08 0.0018 13.29 0.02595 6.29 
M10 0.0013 9.53 0.02205 5.92 
M12 0.0008 12.65 0.0274 6.41 
M15 0.0025 23.49 0.0541 8.04 
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4.1.8 Summary for Stage I 
Table 4.12: 
Crystallite, Physical, and Magnetic Size of Samples 
Sample Crystallite 
Size (nm) 
Physical 
Size (nm) 
Hydrodynamic 
Size (nm) 
Magnetic 
Size (nm) 
Physical 
Size(BET) (nm) 
M01 6.79 5.97 35.9 7.53 14.97 
M08 6.56 6.02 41.4 6.29 13.46 
M10 6.14 4.98 28.1 5.92 8.34 
M12 6.72 5.98 77.6 6.41 17.77 
M15 7.24 5.35 81.4 8.04 18.28 
  
 
Figure 4.23: 
Size Comparison Graph for Samples 
 
 From Fig. 4.23 and Table 4.12, it can be concluded that when the FeCl2 
concentration increases from 0.1 to 1.0M, the size of as-synthesized maghemite 
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size of as-synthesized maghemite nanoparticles increases. This indicates that a very low 
or a very high FeCl2 concentration leads to the formation of larger particles. According 
to classical nucleation and growth theory, concentration is one of the predominant 
factors which determine the growth rate in diffusion controlled classical coprecipitation 
reactions due to the growth of the nucleus via a long-distance mass transfer. This means 
the size of the product would be larger with higher concentrations. The results are in 
agreement with the latter results of this study (from 1.0M – 1.5M).  However, the size of 
the as-synthesized maghemite nanoparticles decreases when the FeCl2 concentration 
increased from 0.1M to 1.0M, which may be due to the concentration of the precursor was 
too low to form stable nuclei for sample M01 and M08. The nuclei formed was too small, 
therefore surface area involved is too large and leads to high free energy. The nucleis tend 
to attract neighbour particles to form more stable particles.  This is another new finding 
for this study, which has never been reported elsewhere.  
 XRD and TEM particle sizes are close, but very different from the BET and DLS 
sizes. This is due to XRD and TEM are mainly calculate the single crystallite size while 
DLS and measuring the hydrodynamic size. Where for BET, it was a dry powder and it 
measured the agglomerate and agglomeration particles.    
 The smallest size is chosen due to its large surface area to volume percentage, 
higher transition temperature and enhanced thermal stability compared with that of the 
corresponding normal polycrystal. It has also been reported that particles < 10nm 
continue to remain in γ-phase up to 1000oC (Solinas et al., 2001). Smaller size 
maghemite nanoparticles will be more efficient in technological and industrial 
applications. However, maghemite nanoparticles require further treatment to minimize 
agglomeration and aggregation. The nanoparticles have hydrophobic surfaces with a 
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large surface area to volume ratio. Due to this interaction, the particles form aggregates 
and grow to minimize the overall surface free energy (Held et al., 2001). This increases 
the size of the particles and forms a stronger magnetic dipole-dipole attraction between 
the particles, which will result in ferromagnetism.  
 Therefore, pure magnetic particles themselves may not be very useful in 
practical applications due to the following limitations: (i) they tend to form large 
aggregates, (ii) their original structures may vary if they are sufficiently unstable 
resulting in the alteration of magnetic properties and (iii) they can undergo rapid 
biodegradation when they are exposed directly to biological systems. Therefore, a 
suitable coating is necessary to prevent such constraints. In the following study, the size 
of the maghemite nanoparticles is controlled by encapsulating the particles within silica 
xerogel matrix (stage II) and silica particulate matrix (stage III) by sol-gel technique. 
  
4.2 PREPARATION OF MAGHEMITE-SILICA XEROGEL 
NANOCOMPOSITES 
 In this research, maghemite-silica xerogel nanocomposites were produced by 
sol-gel process and the effects of varying the amount of as-synthesized maghemite 
nanoparticles on the physical and magnetic properties of the nanocomposites were 
investigated. The primary aim of this stage was to create a physical barrier around the 
maghemite nanoparticles and hence, reduce the agglomeration problem. This stage was 
also aimed of observing the influence of variation of Fe2O3/SiO2 ratios on the average 
size of maghemite particles and/or their distribution.  
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4.2.1 Formation of Silica Xerogel 
 A control sample of pure silica xerogel was produced by sol-gel process and 
labelled as S1. The steps for the formation of silica xerogel can be described briefly as 
follows: 
a) TEOS solution was added to a mixture of tetrapropylammomium hydroxide 
solution and deionized water in a weight ratio of 5:7:3, respectively.  
b) Polymerization occurred in three stages throughout the stirring time (Iler, 1979): 
1) Polymerization of monomers to form particles. 
2) Growth of particles. 
3) Linking of particles into chains, followed by networks which extend 
throughout the liquid medium, thickening into a gel.  
c) Occurence of hydrolysis and condensation to create 3 - dimensional networks, as 
shown below (Brinker and Scherer, 1990):  
• Hydrolysis 
   S-OR + H2O    Si-OH + ROH  (4.8) 
• Water condensation 
  Si-OH + Si-OH                            Si-O-Si      + H2O (4.9) 
• Alcohol condensation  
  Si-OR + HO-Si                            Si-O-Si      + ROH (4.10) 
 
where R is an alkyl group (C2H5)4. 
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d) The whole solution was aged overnight with vigorous stirring. The viscosity of the 
sol-gel solutions increased as the reaction proceeded. 
e) The system was then heated for 3 days at 140oC. Subsequent elimination of water 
from two Si-OH groups eventually formed an extended silica gel matrix (known as 
xerogel when dry). Fig. 4.24 shows the physical appearance of silica xerogel.  
 
Figure 4.24:  
Silica Xerogel When Dry 
   
4.2.1.1 Thermal Properties 
 Figure 4.25 shows the TGA curve of sample S1. A weight loss of about 28.5% is 
observed upon heating over the range from room temperature to 700oC. Two significant 
weight losses are observed for sample S1. The first weight loss occurs at around 100oC, 
which is mainly due to dehydration or evaporation process. The second weight loss 
occurs at around 230oC, which is caused by dehydration and evaporation of sol-gel 
solvent trapped within the silica xerogel networks or pores.   
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Figure 4.25: 
TGA Curve for S1 
 
 
Figure 4.26: 
XRD Pattern for S1 
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4.2.1.2 Phase and Crystal Structure 
 Figure 4.26 shows the XRD diffraction pattern of sample S1. Only one broad 
diffraction shoulder is observed at 2θ angles between 20o and 35o, which corresponds to 
the pattern for amorphous silica gel (Rainho et al., 2001; Barrado et al., 2005). 
 
4.2.1.3 Surface Area Analysis 
The surface area of S1 was studied by the N2 absorption desorption method. Fig. 
4.27(a) shows a typical mesoporous graph for sample S1. The unique features are (i) the 
adsorption at P/Po → 0 shows a small increase, which indicates a small amount of 
micropores; (ii) a relatively moderate increase in the adsorbed amount of N2 within the 
P/Po range of 0.1-0.9; (iii) a sharp increase in adsorbed N2 within the P/Po range of 0.9-
1.0; (iv) the hysteresis loop is rather big and horizontally oriented; (v) the isotherms do 
not exhibit plateau at P/Po → 1.0, but they asymptotically approach the y-axis. These 
features correspond relatively well to Type IV isotherm.  
 The specific surface area calculated by the BET method is 155.09 m2/g. The 
Barrett Joyner Halenda pore size distribution calculated from N2 absorption analysis 
gives an average size of 15 nm. This value is in good agreement with the mean pore 
diameter determined by TEM and FESEM, which will be shown later. 
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4.2.1.4  Morphology and Physical Size 
TEM and FESEM analyses were performed, which provide information on the 
physical and structure of the silica xerogel formed. Silica amorphous phase is a very 
electro-sensitive material. The image may alter or disappear in some areas after a few 
seconds of exposure to the beam. Hence, it is particularly difficult to capture good TEM 
and FESEM images. 
The TEM micrograph in Fig. 4.28(a) shows the structure of the silica xerogel 
matrix, which reveals that the matrix is in gel form with many pores. The average pore 
size of the gel was measured from around 100 pores and was estimated to be within 
14.2 nm size range, as shown in Fig. 4.30.  
 The FESEM micrographs in Figs. 4.28(b) and 4.29(a) exhibit the surface 
morphologies for sample S1. The gel is in a network texture with pores and the average 
physical pore size is approximately 15 nm. From Fig. 4.29(b), EDX analysis reveals a 
major presence of Si and O. This further confirms the presence of only Si and O in the 
silica xerogel and that no other impurities and surfactants remain in the sample. The 
carbon peak is mainly due to the contamination of the sample during FESEM sample 
preparation.  
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Figure 4.30:  
Pore Size Distribution Histogram of S1 
 
4.2.1.5 Magnetization Analysis 
Fig. 4.31 shows a typical hysteresis curve for sample S1 at room temperature. 
The maximum magnetization for sample S1 at 10 kOe (Ms10kOe) is 0.05 emu/g, which is 
very low compared with the maghemite nanoparticles. Hence, silica gel is treated as a 
non-magnetic matrix in this study.  
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Figure 4.31: 
Magnetization Curve of S1 
 
4.2.2 Formation of Maghemite-Silica Xerogel Nanocomposites 
 Five samples were prepared in this study by sol-gel method. The steps for the 
formation of maghemite-silica xerogel nanocomposites are described in Section 3.1.1.2. 
The compositions of the samples are shown below: 
Table 4.13: 
Composition of Samples 
Sample Maghemite 
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4.2.2.1 Thermal Properties 
Fig. 4.32 shows the TGA curves of the samples. The MN samples and silica gel 
matrix (S1) exhibit similar behaviour. A minor weight loss is observed at around 100oC, 
which is mainly due to the evaporation and dehydration process and a major weight loss 
is observed at around 250oC. The second weight loss is due to the dehydration and 
evaporation of sol-gel solvent and water trapped within the silica xerogel network and 
pores.   
A total weight loss of about 26-48% is observed upon heating over the range 
from room temperature to 700oC, as shown in Table 4.14. No obvious trend is observed 
for the samples’ weight loss.  
Table 4.14: 
 Percentage Weight Loss of Samples 
Sample Weight loss (%) 
S1 26.05 
M10 18.78 
MN010 26.47 
MN025 31.92 
MN050 48.77 
MN100 40.13 
MN150 29.24 
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4.2.2.2 Phase and Crystal Structure 
 Figures 4.33 and 4.34 show the XRD diffraction patterns for the as-prepared 
nanocomposites.  The XRD diffraction patterns for samples MN025, MN050, MN100 
and MN150 clearly show the reflection corresponding to maghemite nanoparticles and a 
visible broad diffraction shoulder is observed at 2θ from 20 o to 35 o, which are 
characteristics of the amorphous phase of the silica gel. In addition, the patterns exhibit 
the presence of only maghemite and SiO2 amorphous phase, which indicates that there 
are no chemical reactions between the silica xerogel and maghemite nanoparticles to 
form other compounds. In fact, for sample MN010, the extra peaks observed are 
contributed by the silica crystalline phase and not the amorphous gel phase. This 
indicates that some of the amorphous phase already transformed to crystalline phase. 
Therefore, further investigations were not carried out for this sample.  
 From the patterns, the corresponding peaks observed are located at around 2θ = 
30 o, 35 o, 43 o, 57 o and 63 o. These peaks match well with the ICDD PDF Card 
Number 39-1346, which proves that no phase transformation occurs during the 
encapsulation process. Additionally, the broadening of the (311), (511) and (440) 
reflections increase in the order of MN150, MN100, MN050 and MN025. The observed 
trend suggests a possible decrease in crystallite size when the concentration of 
maghemite nanoparticles is decreased or in other words, with decreasing weight ratio of 
Fe2O3/SiO2. The broadening and low intensities of the peaks indicate that the crystallite 
sizes of the samples are within the nanometre scale for all samples. The average 
crystallite sizes of the samples were calculated from the major peaks using Equation 4.1 
and the details are shown in Table 4.15 and Fig. 4.35.  
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 The calculated crystallite sizes are 2.57 nm, 4.58 nm, 5.14 nm and 6.82 nm for 
samples MN025, MN050, MN100 and MN150 respectively. Comparison of the average 
crystallite size between samples M10 and MN shows that the encapsulated maghemite 
nanoparticles have a smaller average crystallite size, except for sample MN150.  
 Sample MN150 shows a larger crystallite size compared with sample M10, 
which may be due to the limitation imposed by the amount of maghemite nanoparticles 
dispersed in the xerogel matrix. When the limit is exceeded, the nanoparticles are 
unable to disperse well in the matrix, which leads to agglomeration and aggregation. 
The pores are insufficient to cope with the amount of maghemite nanoparticles added.  
This may be also due to the gelation time, which is inadequate to disperse the 
maghemite nanoparticles sufficiently into the matrix.  
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Figure 4.35: 
Crystallite Size Comparison for Samples  
4.2.2.3 Morphology and Physical Size 
 Figs. 4.36(a) – 4.39(a) show the TEM micrographs of samples, which reveal a 
very homogeneous dispersion of isolated maghemite nanoparticles over silica xerogel 
matrix in samples MN025, MN050 and MN100. The TEM observation in dark field 
mode (Fig. 4.40(a)) also reveals that the nanoparticles are distributed randomly within 
the silica matrix, without massive aggregation. ESI analysis is carried out, which proves 
that the Fe particles are well distributed and surrounded by Si compound (Fig. 4.41).  
However, some large and irregular aggregations of nanoparticles within the silica matrix 
are observed in MN150, which are not present in other samples. The aggregation of 
particles is caused by the gelation process during SiO2 formation. The time for the 
maghemite nanoparticles to disperse completely into the pores of the network form of 
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silica matrix is insufficient before the system turns into gel.  The high maghemite 
content may give rise to large nanoparticles, which prevents a homogeneous and well 
dispersed distribution in the host silica xerogel matrix.  
 The TEM physical size distribution histograms are shown in Figs. 4.36 (b) – 
4.39 (b).  The calculated TEM physical mean diameters decrease constantly from 
sample MN150 to MN025 (Fig. 4.41), confirming that the peak broadening observed in 
the XRD spectra is due to the reduction in maghemite nanoparticle size. The calculated 
average diameters are 4.40 nm, 4.61 nm, 5.23 nm and 7.25 nm for samples MN025, 
MN050, MN100 and MN150, respectively. The standard deviations for the samples are 
1.30, 1.68, 1.72 and 2.84 for samples MN025, MN050, MN100 and MN150, 
respectively.  The low standard deviation indicates that the data points tend to be very 
close to the mean.  This indicates that MN025 has a narrower size distribution and a 
smaller average diameter compared with other samples. The standard deviation exhibits 
an increasing trend with increasing Fe2O3/SiO2 ratio. These results indicate that 
increasing the ratio of Fe2O3/SiO2, leads to an increased particle size and a wider size 
distribution. These results agree well with the other results obtained.  
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Figure 4.41:   
TEM Physical Mean Size for Samples 
 
 
 EELS analysis was carried out for sample MN025 (Fig. 4.40), which shows the 
presence of Fe-L2 signals and indicates that the particles observed in micrographs are 
iron based compounds.  
 The micrographs of samples M10 (Fig. 4.7) and MN025 (Fig. 4.36(a) in bright 
field and Fig. 4.40(a) in dark field) are compared. The particles in sample M10 are in 
spherical shape and form agglomerates, whereby the particles in sample MN025 show a 
very homogeneous dispersion of isolated nanoparticles. This means that the 
agglomeration problem is minimized when maghemite nanoparticles are encapsulated in 
silica xerogel matrix. Silica matrix works as a physical barrier to block the long-range 
magnetic dipole-dipole interactions between the particles and prevents the 
agglomeration problem caused by the drying process during TEM sample preparation. 
The measured average diameters for samples M10, MN025 and MN050 are 4.98 nm, 
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nanoparticles. This is further proven by the EDX result in Fig. 4.44, which shows that 
only Si, O and Fe are present.  The intensity of the Fe signal is lower, which is 
attributed to the fact that most of the maghemite nanoparticles are embedded within the 
silica gel and not on the surface. The measured average physical pore size diameter is 
about 15 nm, whereas the average physical size of maghemite nanoparticles is about 
4.98 nm. The size of the pores is nearly three times bigger than the size of the as-
synthesized maghemite nanoparticles. This enables the nanoparticles to fill the pores 
easily. Moreover, the additional 3 hours of stirring is sufficient to form the silica 
network surrounding the nanoparticles, which hinders further agglomeration caused by 
magnetic dipole-dipole interaction between the nanoparticles. However, there could be 
other factors which contribute to the change in surface morphology structure such as the 
formation of a different phase of silica. From the FESEM micrographs, it can also be 
observed that some of the maghemite nanoparticles form agglomerates on the surface 
such as in samples MN100 and MN150.  
 EDX analysis was carried out to study the elemental composition of the samples. 
The percentage of each element from estimation and observation is listed in Table 4.16. 
The result shows the prepared nanocomposites have similar elemental percentage as the 
estimation values.  
 The result of EDS analysis is shown in Fig. 4.45 and it can be seen that the 
encapsulated maghemite nanoparticles are well distributed within the silica xerogel 
matrix.  
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Figure 4.43:  
FESEM Micrographs for (a) MN010, (b) MN025, (c) MN050, (d) MN100 and  
(e) MN150 
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4.2.2.4 Surface Area Analysis 
The surface areas for the MN samples were studied by the N2-gas absorption 
desorption method. Figs. 4.46 – 4.49 show the typical mesoporous graphs for samples 
MN025, MN050, MN100 and MN150. The samples exhibit similar N2-gas adsorption 
desorption isotherms, and the primary difference is the size of the hysteresis loop. The 
unique features are (i) no adsorption at P/Po → 0, which indicates the absence of 
micropores for all samples; (ii) a relatively moderate increase in the adsorbed amount of 
N2 within the P/Po range of 0-0.9; (iii) a sharp increase in adsorbed N2 within the P/Po 
range of 0.9-1.0; (iv) the hysteresis loop is rather big and horizontally oriented; (v) the 
isotherms do not exhibit plateau at P/Po → 1.0, but they asymptotically approach the y-
axis. These features correspond relatively well to Type IV isotherm.  
Referring to Table 4.17, the surface areas obtained for nanocomposite samples 
(MN) are much lower compared to silica (S1) and maghemite nanoparticles (M1). Table 
4.17 also shows that increasing the content of maghemite nanoparticles leads to reduced 
surface area for the nanocomposite systems (Fig. 4.50). This suggests that the pores of 
the silica matrix are almost fully filled. This is further proven by looking at the values of 
the specific pore volume listed in Table 4.17 and the hysteresis loop obtained from 
experiment. When more maghemite nanoparticles are added, smaller hysteresis loops 
are obtained. This indicates that the existing pores of the silica gel are filled with 
maghemite nanoparticles. The opening of the hysteresis loop for MN025 and MN050 
are compared to sample MN100, which indicates that the distribution of the mesopores 
for MN025 and MN050 are shifted to a lower pore diameter, dp. This shows that most of 
the micropores in the silica xerogel are filled when the amount of maghemite 
nanoparticles reaches a certain value. This is illustrated by the typical pore size 
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distribution calculated by the How/Kar method, as shown in Table 4.17 (Gulkova et al., 
2004).  
The TEM micrograph in Fig. 4.36 clearly shows that the embedded maghemite 
nanoparticles are isolated by the pores within the silica xerogel matrix. The calculated 
crystallite and physical sizes from XRD and TEM prove that the sizes of embedded 
nanoparticles are smaller than the original maghemite nanoparticles, as reported by Ang 
and Yaacob (Ang and Yaacob, 2010).  
Table 4.17: 
Specific Surface Area (BET) and Pore Specific Volume of Samples 
Sample Specific Surface 
Area (m2/g) 
Pore Specific 
Volume (cm3/g) 
MN025 38.25 0.0729 
MN050 20.93 0.0470 
MN100 17.18 0.0617 
MN150 15.8 0.0286 
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Figure 4.50: 
Specific Surface Area (BET) and Pore Specific Volume of Samples 
 
 
Figure 4.51:   
N2-gas Adsorption Desorption Isotherms for Samples M10, S1 and MN025 
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Comparisons are made for samples S1, M10 and MN025. The features of the 
isotherms  change when maghemite nanoparticles are added. Among these samples, 
only the silica gel shows microporous behaviour as the adsorption at P/Po → 0 is 
moderately high, which indicates a small amount of micropores. A larger hysteresis 
loop is also observed for sample S1, which contains a higher number of pores. 
Hysteresis loop occurs due to condensation and evaporation processes in the pores 
which do not necessarily take place as exact reversals of each other. A larger hysteresis 
loop indicates  a higher number of pores (Greg and Sing, 1982b). Samples S1 and M10 
exhibit bigger hyteresis loops compared with the MN samples (Fig. 4.51).  
 
4.2.2.5 Magnetization Analysis 
 Fig. 4.52 shows the magnetization curves for MN samples. The shapes of the 
magnetization curves for nanocomposites are very similar to the original sample.  
Superparamagnetic behaviour is observed for all samples, indicating that the size of 
maghemite nanoparticles is always within the nanometre range. The increase in iron 
content gives rise to a small particle growth. 
 The decrease in magnetization values relative to sample M10 also reflects the 
standard practice of normalizing the magnetization by sample mass. For 
nanocomposites, there is less magnetic material per gram of sample, and the 
magnetization readings are divided by the substantial mass of silica. As a result, both 
the saturation and remanent magnetization values decrease upon the encapsulation 
process. Attempts to quantify the percentage of magnetic material in order to normalize 
by mass of magnetic material have been unsuccessful, as methods to dissolve the silica 
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matrix also destroy or alter the maghemite nanoparticles (Vestal and Zhang, 2003). The 
value of Mr/Ms does not change significantly for the as-synthesized maghemite 
nanoparticles and maghemite nanocomposites. The consistency in shape of the 
hysteresis curves further confirms that the decrease in magnetization is primarily due to 
a lower amount of magnetic material per mass and a slight dissolution of maghemite 
nanoparticles.  
 The magnetization values at an applied field of 10 kOe (Ms10kOe) and the least 
upper bound of the ‘magnetic’ size for all samples are listed in Table 4.18, and are 
shown in Figs. 4.53 and 4.54. The results indicate that when the ratio of Fe2O3/SiO2 
increases, the magnetic size increases. The results obtained from AGM correlate well 
with those from TEM and XRD measurements.  
Table 4.18: 
Magnetic Size for Samples 
Sample Magnetization 
Saturation (emu/g) 
dM/dH Magnetic Size 
(nm) 
M10 9.53 0.02205 5.92 
MN025 1.79 0.00285 3.01 
MN050 3.12 0.00480 3.59 
MN100 5.94 0.00965 4.45 
MN150 6.80 0.01120 4.76 
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Figure 4.53: 
Magnetization at 10kOe Applied Field (Ms10kOe) for Samples 
 
 
Figure 4.54: 
Magnetic Size for Samples 
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4.2.3 Summary for Stage II 
Table 4.19:  
Details for Samples 
Sample XRD 
Crystallite 
Size (nm) 
TEM 
Physical 
Size (nm) 
AGM 
Magnetic 
Size (nm) 
BET 
Surface 
Area (m2/g) 
M10 6.14 4.98 5.92 154.37 
MN025 2.57 4.40 3.01 38.25 
MN050 4.58 4.61 3.59 20.94 
MN100 5.14 5.23 4.45 17.18 
MN150 6.82 7.25 4.76 15.80 
 
 
 
 
Figure 4.55: 
Size Comparison Graphs for Samples 
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 Fig. 4.55 and Table 4.19 show the results for stage II. A few conclusions can be 
made for this stage. Firstly, increasing the ratio of Fe2O3/SiO2, increases the size of the 
encapsulated maghemite nanoparticles. The result also show that when the ratio is 
below 2.08 (samples MN025, MN050 and MN100), the calculated sizes are smaller 
than the as-synthesized maghemite nanoparticles (M10). This may be a result of slight 
dissolution of maghemite nanoparticles in the silica xerogel matrix. Furthermore, the 
pore structure of silica keeps the particles isolated and hinders their coalescence and 
growth. The pore structure of the matrix and the interactions between the magnetic 
clusters and the host can be employed to control the stability of the nanoparticles.  
 However when the ratio of Fe2O3/SiO2 goes beyond 2.08, the calculated size is 
bigger than M10. This may be due to the limitation imposed by the amount of 
maghemite nanoparticles which are dispersed in the xerogel matrix or the inadequate 
gelation time required for all nanoparticles to disperse well in the silica xerogel matrix. 
This is proven by TEM micrographs which show the agglomeration of the maghemite 
nanoparticles.  
 High surface area is crucial for nanoparticles especially during application. This 
stage shows that a very low surface area is obtained from all MN samples compared 
with M10 and pure silica xerogel (S1). For this reason, modifications are carried out in 
stage III to increase the surface areas of the nanocomposites and retain their properties 
simultaneously. Based on the results in stage II, only three samples are produced in 
stage III, having a Fe2O3/SiO2 ratio value of 0.35, 0.70 and 1.39.  
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4.3 PREPARATION OF MAGHEMITE-SILICA PARTICULATE FORM 
NANOCOMPOSITES 
 The preparation process for silica xerogel matrix was modified to form silica 
particulate matrix. The purpose of changing the matrix from xerogel to particulate form 
was to increase the surface area and retain its properties. The first step involves 
modifying the pH and preparation conditions, which facilitates transforming the silica 
xerogel into silica particulate. Following this, nanocomposites were fabricated by 
embedding the as-synthesized maghemite nanoparticles into silica particulate matrix. 
This process is a promising alternative technique for fabricating nanocomposites 
because it is simple, manufacturable, inexpensive and fast. In addition, this process can 
be carried out at room temperature and the composition, crystalline distribution and 
properties of maghemite nanoparticles and maghemite nanocomposites can be 
controlled. Moreover, no surfactants or other unnecessary precursors are involved. The 
silica particulate matrix was prepared using only TEOS, ethanol and H2O. The pH level 
was maintained at pH 10 after investigations. In this analysis, ammonium solution was 
used to control the pH level. The whole process was run in ultrasonic bath. 
 
4.3.1 Formation of Pure Silica Particulate Phase Matrix 
 A control sample of pure silica particulate matrix was produced and labelled as 
P1. The pure silica particulate phase matrix was formed easily without a change in pH 
and additional ethanol.  The silica particulate phase was formed when a premix solution 
of TEOS and H2O was placed inside the ultrasonic bath.  
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 However, a change in silica phase was observed when as-synthesized 
maghemite nanoparticles were added. The silica phase transformed from particulate to a 
network gel phase after the addition of maghemite nanoparticles (labelled as F1). 
Modifications were required only during the preparation of nanocomposites and not on 
the pure silica particulate phase matrix. Therefore, the following investigations were 
mostly focused on the nanocomposites rather than the pure silica particulate phase 
matrix. Fig. 4.56 shows a comparison between the physical appearance of the pure silica 
particulate phase, the gel phase after the addition of maghemite nanoparticles and the 
maghemite-silica particulate nanocomposite (MNP) after modifications.  
 
Figure 4.56: 
Images of (a) P1, (b) F1 and (c) MNP Nanocomposite.  
 
 Most of the characterization tests carried out for sample P1 reveal similar results 
to those for silica xerogel (S1) in terms of the thermal properties, phase and crystal 
structure and magnetization analysis. Therefore, the results mentioned above will not be 
discussed in this section.  
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4.3.1.1 Morphology and Physical Size Analysis 
TEM and FESEM analyses were performed, which provide information on the 
physical and structural nature of the silica particulate matrix formed.  
TEM micrograph in Fig. 4.57(a) shows that the silica particulates are spherical 
in shape. The particle sizes are distributed over a wide range. The average particle size 
was calculated from around 100 particles and was found to be 78 nm (Fig. 4.58).  
FESEM micrograph in Fig. 4.57(b) shows the surface morphology of sample P1. 
It is clearly seen that the matrix formed is in spherical particulate form. The average 
physical particle size is approximately 63 nm. In comparison with sample S1 (Fig. 4.28), 
a network with pores is absent in sample P1. This proves the success of the phase 
transformation from gel to spherical particulate form.  
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Figure 4.58:  
TEM Size Distribution Histogram of P1 
 
4.3.1.2 Surface Area Analysis 
The surface area of P1 was studied by the N2 adsorption desorption method. Fig. 
4.59(a) shows a typical combination of microporous and mesoporous graph for sample 
P1. The unique features are (i) a slight increase in adsorption at P/Po → 0, which 
indicates a small amount of micropores; (ii) a relatively moderate increase in the 
adsorbed amount of N2 within the P/Po range of 0.1-0.8; (iii) a sharp increase in 
adsorbed N2 within the P/Po range of 0.8-1.0; (iv) the hysteresis loop is rather small and 
horizontally oriented; (v) the isotherms do not exhibit plateau at P/Po → 1.0 but they 
asymptotically approach the y-axis. These features correspond relatively well to Type 
IVB isotherm.  
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 The specific surface area calculated by the BET method is 608.85 m2/g, which is 
relatively high compared with sample S1 (155.09 m2/g). The pore size distribution (Fig. 
4.59(b)) shows that P1 has a wide range of pore size distribution. 
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4.3.2 Formation of Maghemite-Silica Particulate Nanocomposites 
 To form maghemite-silica particulate nanocomposites, modifications need to be 
made to achieve this purpose. Firstly, the whole process should be run in ultrasonic bath. 
Ultrasonic bath is used to increase the hydrolysis and condensation rates of the sol-gel 
process. Hydrolysis and condensation rates directly influence the final particle size 
(Wang et al., 2010). Monodisperse particles can be obtained as long as the hydrolyzed 
monomers react much more quickly than they are produced.  
 Secondly, the pH level needs to be controlled to ensure the formation of silica 
particulate matrix. Following this, ethanol was used instead of TPA to form this matrix 
in order to increase the surface area of the produced nanocomposites.  
 Four primary samples were prepared by varying the pH level of the solution 
during the addition of maghemite nanoparticles. This was to ensure that the matrix 
formed is in silica particulate form. The Fe2O3/SiO2 ratio used was the same as in 
sample MNP025. The compositions and pH values of the samples are listed in Table 
4.20. The results were analyzed and the final pH level was determined before 
proceeding to the following step. 
Table 4.20: 
Composition of Samples 
Sample pH Level Maghemite 
Nanoparticles (g) 
TEOS (g) H2O (g) Fe2O3/SiO2 
P2.5 
P5.0 
P7.0 
P10.0 
2.5 
5.0 
7.0 
10.0 
0.25 
0.25 
0.25 
0.25 
2.5 
2.5 
2.5 
2.5 
1.5 
1.5 
1.5 
1.5 
0.35 
0.35 
0.35 
0.35 
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4.3.2.1 Effect of pH Variation  
  NH4OH solution was used to control the pH level for this stage. The 
addition of NH4OH not only accelerates the hydrolysis and condensation of TEOS, but 
supplies the OH- adhering on the particle, which can stabilize the suspension by static 
repulsion against Van der Waals attractive force (Wang et al., 2010). Thus, coagulation 
may be formed if the concentration of NH4OH is too high, and the reaction requires a 
long time or silica particles cannot be obtained if the concentration of NH4OH is too 
low. An appropriate NH4OH concentration should be chosen in order to solve this 
problem. 
 
4.3.2.1.1 Thermal Properties 
 Figure 4.60 shows the TGA curves of samples labelled “P”. The curves exhibit 
similar behaviour. A weight loss of around 19 % is observed upon heating over the 
range of room temperature to 1000 oC, as shown in Table 4.21. Only one weight loss is 
observed at around 150 oC, which is mainly due to the removal of solvent and 
dehydration process.  
Table 4.21: 
Percentage Weight Loss of Samples 
 Sample Weight loss (%) 
P2.5 
P5.0 
P7.0 
P10.0 
18.83 
19.48 
19.77 
18.44 
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4.3.2.1.2 Phase and Crystal Structure Analysis 
 The XRD patterns of the as-prepared maghemite-silica particulate 
nanocomposites are shown in Fig. 4.61 (please refer to Appendix 2-5 for the individual 
graph). For sample P2.5, no maghemite nanoparticle peaks can be observed. This may 
be due to the limit of the dissolution of maghemite nanoparticles or the phase 
transformation of nanoparticle under the low pH value. Maghemite is quite soluble in 
low pH and even more difficult to detect by XRD. For samples P5 and P7, an extra peak 
is observed at 28 o, which corresponds to the silica crystallite phase. Additionally, the 
maghemite peaks are sharp, indicating that the size is larger than 10 nm. For sample P10, 
the pattern is similar to the maghemite-silica xerogel nanocomposite discussed in 
Section 4.2. The XRD diffraction patterns clearly show the reflection corresponding to 
maghemite nanoparticles and a visible wide band at 2θ from 20 o to 35 o, which are 
characteristics of the amorphous phase of the silica gel. Additionally, the patterns 
exhibit the presence of only maghemite and SiO2 amorphous phase, which indicates that 
there are no chemical reactions between the silica particulate matrix and maghemite 
nanoparticles to form other compounds.  
 From the patterns, the corresponding peaks observed are located at about 2θ = 
30 o, 35 o, 43 o, 57 o and 63 o. These peaks match well with the ICDD PDF Card 
Number 39-1346. This proves that no phase transformation occurs during the 
encapsulation process. The broadening of the peak for sample P 10 also reflects that the 
sample’s particle size is within the nanometre size range.  
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4.3.2.1.3 Morphology and Physical Size Analysis 
 In this study, only 3-dimensional FESEM was performed and are shown in Figs. 
4.62 – 4.65. For sample P2.5, the surface morphology observed is a network of solid 
material with pores, which is the same as sample S1. Phase transformation is observed 
when the pH value changes to 5, which seems to be a coagulation of very small particles.  
Less coagulated particles are observed with an increase in NH4OH, as shown in sample 
P7 (Fig. 4.64). Sample P7 shows an irregular surface morphology, in which two types 
of particles are observed. The first type is composed of botryoidally aggregates of 
spherical particles, whereas the second type has a continuous gel appearance, which is a 
gel network with pores. This surface morphology is known as a bi-modal final particle 
size distribution. Finally, monodisperse spherical particles are achieved for the sample 
having a pH value of 10. This phenomenon has never been reported in the preparation 
of maghemite-silica nanocomposites in the past.  
 This shows that the addition of different amounts of NH4OH directly influences 
the final particle size and size distribution. Monodisperse particles can be obtained as 
long as the hydrolyzed monomers react much more quickly than they are produced. 
Otherwise, particles with a bi-modal distribution and polydispersity will be achieved. 
 From the XRD, TEM and FESEM results, maghemite-silica particulate 
nanocomposites can only be produced if the pH level is adjusted to 10. This condition is 
used for the following samples produced from this stage.  
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Figure 4.62: 
FESEM Micrograph of Sample P2.5 
 
 
Figure 4.63: 
FESEM Micrograph of Sample P 5 
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Figure 4.64: 
FESEM Micrograph of Sample P7 
 
 
Figure 4.65: 
FESEM Micrograph of Sample P10 
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4.3.2.2 Effect of the Amount of Maghemite Nanoparticles in Nanocomposite 
 Following the determination of pH level for formation of particulate SiO2, three 
samples with different Fe2O3/SiO2 ratios were prepared from the modified new sol-gel 
method. The steps for the formation of maghemite-silica particulate nanocomposites 
have been described in Section 3.1.1.3. The compositions of the samples are listed 
below: 
Table 4.22: 
Composition of Samples 
Sample Maghemite 
Nanoparticles (g) 
TEOS (g) H2O (g) Fe2O3/SiO2 
MNP025 
MNP050 
MNP100 
0.25 
0.50 
1.00 
2.5 
2.5 
2.5 
1.5 
1.5 
1.5 
0.35 
0.70 
1.39 
 
4.3.2.2.1 Phase and Crystal Structure Analysis 
 Figure 4.66 shows the XRD diffraction patterns for as-prepared nanocomposites. 
The XRD diffraction patterns for samples MNP025, MNP050 and MNP100 clearly 
show the reflection corresponding to maghemite nanoparticles and a visible broad peak 
at 2θ from 20 o to 35 o which are characteristics of the amorphous phase of the silica gel. 
The patterns also exhibit the presence of only maghemite and SiO2 amorphous phase, 
which indicates that there are no chemical reactions between the silica particulate gel 
and maghemite nanoparticles to form other compounds. These results are the same as 
those observed for sample MN in Section 4.2.  
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 The broadening of the (311), (511) and (440) reflections increase in the order of 
MNP100, MNP050 and MNP025. The observed trend suggests a possible decrease in 
crystallite size when the concentration of maghemite nanoparticles is decreased or in 
other words, with decreasing weight ratio of Fe2O3/SiO2. The broadening and low 
intensities of the peaks indicate that the crystallite sizes of the samples are within the 
nanometre scale for all samples. The average crystallite size and lattice parameter of the 
samples were calculated from the major peaks using Equation 4.1 and the details are 
shown in Tables 4.23 and 4.24.  
Table 4.23: 
Lattice Parameter for Samples 
Sample 2θ (o) d-spacing (Ǻ) Miller Indices 
(hkl) 
Lattice 
Constant (Ǻ) 
MNP025 35.6662 2.514 311 8.34 
 
62.9862 1.4738 440 8.34 
 Average 8.34 
   
MNP050 35.7675 2.5071 311 8.32 
 
63.5105 1.4629 440 8.28 
Average 8.30 
MNP100 35.7382 2.5091 311 8.32 
63.0456 1.4726 440 8.33 
Average 8.33 
 
 The calculated crystallite sizes are 4.07 nm, 4.82 nm and 5.45 nm for samples 
MNP025, MNP050 and MNP100, respectively. Comparison of the average crystallite 
size between samples M10 and MNP shows that the encapsulated maghemite 
nanoparticles have a smaller average crystallite size. This could be due to a slight 
dissolution of maghemite nanoparticles in the silica particulate matrix. These results 
agree well with the broadening trend observed previously. The crystallite sizes are 
nearly the same when compared with sample MN.  
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Table 4.24: 
Crystallite Size for Samples 
Sample 2θ (o) θ (rad) cos θ Wb(sample) Ws(standard) 
Crystallite 
Size (nm) 
MNP025 35.6662 0.31129 0.95194 1.4983 0.0531 5.06 
  62.9862 0.54973 0.85267 2.1975 0.1618 3.09 
          Average 4.07 
              
MNP050 35.7675 0.31217 0.95167 1.0261 0.0531 7.39 
  63.5105 0.55431 0.85027 2.9999 0.1618 2.26 
          Average 4.82 
              
MNP100 35.7382 0.31192 0.95175 1.1379 0.0531 6.66 
  63.0456 0.55025 0.85239 1.6042 0.1618 4.25 
          Average 5.45 
   
4.3.2.2.2 Morphology and Physical Size Analysis 
 Figs. 4.67 (a) – 4.69 (a) show the TEM micrographs for the samples and Fig. 
4.70 shows the FESEM micrographs. Capturing nice images is particularly difficult 
using FESEM and TEM as the silica particulate nanocomposites are very sensitive to 
the electron beams, which transforms to gel in a few seconds. Only coagulation of gel 
can be observed after a few seconds. However, several images were taken to show the 
distribution of maghemite nanoparticles in silica particulate matrix.  The TEM 
micrographs reveal a homogeneous dispersion of isolated maghemite nanoparticles over 
the silica particulate matrix in all samples. The FESEM micrographs further confirm 
that  the matrix is still in silica particulate form. 
 The physical size distribution histograms for TEM are shown in Figs. 4.67(b) – 
4.69(b). The calculated physical mean diameter decreases constantly from sample 
MNP100 to MNP025, confirming that the peak broadening observed in the XRD 
spectra is due to the reduction in maghemite nanoparticle size. The measured physical 
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mean diameters are 4.48 nm, 4.77 nm and 5.22 nm for samples MNP025, MNP050 and 
MNP100, respectively. In addition, the distribution histogram for sample MNP025 is 
more skewed toward lower size compared to sample MNP050 and MNP100.  
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  HRTEM and EELS were carried out for sample MNP025, as shown in 
Fig. 4.71. From the HRTEM micrograph, it is clearly seen that the embedded particle 
(core) is with the presence of atomic interspaces, which indicates that it is in the 
crystalline form. The matrix observed is a non-crystalline material because no lattice is 
present from the observation.  The EELS result obtained from the cores clearly shows 
the presence of Fe-L3 signals at around 720 eV, which proves that the embedded 
particles are iron-based compounds. 
 
 
Figure 4.71: 
(a) HRTEM Micrograph and (b) EELS of MNP025 
 
4.3.2.2.3 Surface Area Analysis 
  The surface areas of the MNP samples were studied by the N2-gas 
adsorption desorption method. The samples exhibit very similar isotherms. The unique 
features are (i) very high adsorption at P/Po → 0, which indicates that a high volume of 
micropores is present for all samples; (ii) a relatively moderate increase in the adsorbed 
amount of N2 within the P/Po range of 0-0.95; (iii) a sharp increase in adsorbed N2 
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within the P/Po range of 0.95-1.0; (iv) the hysteresis loop is rather small and 
horizontally oriented; (v) the isotherms do not exhibit plateau at P/Po → 1.0 but they 
asymptotically approach the y-axis. These features correspond relatively well to the 
Type IV isotherm. The specific surface area is calculated from the BET method and is 
shown in Table 4.25. 
Table 4.25: 
Specific Surface Area (BET), Pore Specific Volume of Samples 
Sample Specific Surface 
Area (m2/g) 
Pore Specific 
Volume (cm3/g) 
MNP025 369.91 0.2205 
MNP050 370.97 0.2164 
MNP100 382.90 0.2244 
  
 The result shows that increasing the amount of maghemite nanoparticles leads to 
a larger surface area for the nanocomposites. However, the difference is not significant. 
This shows that the particles do not fill the pores between the silica spherical particles. 
Rather, the maghemite particles are embedded within the silica particles. The results 
show good agreement with TEM observations. 
Referring to Table 4.17, the surface area obtained for maghemite-silica xerogel 
nanocomposites (MNs) are much lower compared to MNPs, whereby the specific 
surface areas are only within the range of 15 - 39 m2/g. Once the silica matrix changes 
to silica particulate form, the surface area increases tremendously.  
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4.3.2.2.4 Magnetization Analysis 
 Fig. 4.73 shows the magnetization curves for all MNP samples. The shapes of 
the magnetization curves for nanocomposites are very similar to the initial sample.  
Superparamagnetic behaviour is exhibited by all samples, indicating that the size of the 
maghemite nanoparticles is always within the nanometre range. The increase in iron 
content gives rise to a small particle growth. 
 The observed decrease in magnetization values compared with sample M10 also 
reflects the standard practice of normalizing the magnetization by sample mass. For 
nanocomposites, there is less magnetic material per unit weight, and the magnetization 
readings are divided by the substantial mass of silica. As a result, both the saturation 
and remanent magnetization values decrease upon the embedment process. Attempts to 
quantify the percentage of magnetic material in order to normalize by mass of magnetic 
material have been unsuccessful, as methods to dissolve the silica matrix also destroy or 
alter the maghemite nanoparticles (Vestal and Zhang, 2003). The value of Mr/Ms does 
not change significantly from the as-synthesized maghemite nanoparticles and 
maghemite nanocomposites. The consistency in the shape of the hysteresis curves 
further confirms that the decrease in magnetization is primarily due to a lower amount 
of magnetic material per mass and a slight dissolution of maghemite nanoparticles.  
 Comparison of sample MN (Table 4.18) and sample MNP (Table 4.26) shows 
that the magnetization at 10 kOe applied field (M10kOe) and the magnetic size for sample 
MNP are slightly lower. This may be due to the possibility that most maghemite 
nanoparticles are embedded within the silica particulate matrix and not on the surface or 
the pores of the matrix.  
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Table 4.26:  
Magnetic Size for Samples 
Sample Magnetization 
Saturation (emu/g) 
dM/dH Magnetic Size 
(nm) 
M10 9.53 0.02205 5.92 
MNP025 0.96 0.00214 2.74 
MNP050 1.90 0.00343 3.21 
MNP100 3.00 0.00668 4.00 
 
4.3.3 Summary for Stage III 
 
Figure 4.74: 
Size Comparison Graphs for Samples 
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Table 4.27: 
Measured Crystallite, Physical, Magnetic Size, Lattice Constant and Surface Area 
of Samples 
Sample XRD 
Crystallite 
Size (nm) 
TEM 
Physical 
Size 
(nm) 
Lattice 
Constant 
(nm) 
AGM 
Magnetic 
Size (nm) 
BET 
Surface 
Area 
(m2/g) 
MNP025 4.07 4.48 8.34 2.74 369.91 
MNP050 4.82 4.77 8.30 3.21 370.97 
MNP100 5.45 5.22 8.33 4.00 382.90 
 
 Fig. 4.74 and Table 4.27 show the summarized results for stage III. A few 
conclusions can be made for this stage. Firstly, the size of the embedded maghemite 
nanoparticles increases with increasing Fe2O3/SiO2 ratios. The results also show that the 
calculated sizes are smaller than the as-synthesized maghemite nanoparticles (M10). 
This may be due to a slight dissolution of maghemite nanoparticles in silica particulate 
form matrix. The particulate form of matrix keeps the particles isolated and hinders their 
coalescence and growth, which stabilizes the as-synthesized maghemite nanoparticles.
 High surface area is crucial for nanoparticles especially for applications due to 
the increase of the sensitivity. In stage III, a very high surface area is attained for the 
produced nanocomposites, compared with those of stage II. This enhances the 
sensitivity and the reactivity of the nanocomposites. The modified sol-gel process gives 
the following advantages: 1) nanocomposites with high surface areas, 2) good control of 
maghemite nanoparticles, 3) no surfactants are required and 4) monodispersed 
nanoparticles are achieved and therefore, the aggregation and agglomeration problem is 
solved. These nanocomposites would be very useful for bio-applications such as MRI 
contract agent.   
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CHAPTER 5: CONCLUSIONS  
Maghemite nanoparticles were produced successfully using Massart’s procedure. 
This matched the first objective of my study. In this research, the effects of varying the 
FeCl2 concentration on the physical properties and magnetic size were studied. The 
XRD patterns of the samples showed peak broadening effect, which indicates that the 
crystallite sizes of the particle were in the nanometre size range. The calculated 
crystallite sizes were 6.79nm, 6.56nm, 6.14nm, 6.72nm and 7.24nm for FeCl2 
concentrations of 0.1M (M01), 0.8M (M08), 1.0M (M10), 1.2M (M12) and 1.5M (M15), 
respectively. The magnetization curves which showed no hysteresis, indicates that the 
particles were superparamagnetic. The least upper bound of the ‘magnetic’ sizes 
calculated were 7.53nm, 6.29nm, 5.92nm, 6.41nm and 8.04nm while the physical sizes 
measured from TEM micrographs were 5.97nm, 6.02nm, 4.98nm, 5.98nm and 5.35nm 
for samples M01, M08, M10, M12 and M15, respectively. The TEM micrographs 
showed that the maghemite nanoparticles were roughly spherical in shape. All the 
samples showed lower saturation magnetization values at 10kOe applied field compared 
to bulk. From the results, it can be concluded that the product obtained through 
Massart’s procedure was highly dependent on the concentration of the precursor and 
decreasing the concentration of iron salt does not necessarily reduce the size of 
maghemite nanoparticles.  
Maghemite-silica xerogel nanocomposites were produced successfully using sol-
gel technique, which is in line to the second objective of this study. By encapsulating 
maghemite nanoparticles within the silica xerogel matrix, the crystallite sizes of the 
encapsulated maghemite nanoparticles were finer, indicating that a slight dissolution of 
particles occurred during the encapsulation process. The sizes of the maghemite 
nanoparticles within the silica matrix increased with increasing weight ratio of 
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Fe2O3/SiO2. The nanocomposites showed superparamagnetic behaviour with values of 
magnetization at ±10kOe applied field within the range of 1.79emu/g to 9.53emu/g, 
depending on the Fe2O3/ SiO2 ratio. The magnetization values at 10kOe applied 
magnetic field increased with increasing amount of maghemite in the nanocomposites. 
The N2-gas adsorption-desorption hysteresis loops of maghemite-silica xerogel 
nanocomposites became smaller with increasing maghemite nanoparticles within silica 
xerogel matrix. This indicates that the amount of pores was reduced. This claim was 
further proven by observing the average pore width. The hysteresis loops showed that 
mini and micro pores of SiO2 were filled. The FESEM micrographs clearly showed that 
most of the maghemite nanoparticles were embedded into the pores of the silica matrix. 
The EDS and TEM results revealed that the maghemite nanoparticles were distributed 
evenly within the matrix. This indicates that the silica matrix functions as a physical 
barrier to prevent the agglomeration and aggregation of maghemite nanoparticles.  
In stage III, a very high surface area was attained for the produced 
nanocomposites, compared with those of stage II. This enhances the sensitivity and 
reactivity of the nanocomposites. This unique property matched the third objective very 
well. The modified sol-gel process offers the following advantages: 1) nanocomposites 
with high surface areas, 2) good control of maghemite nanoparticles, 3) no surfactants 
are required, and 4) monodisperse nanoparticles are achieved and therefore, the 
aggregation and agglomeration problem is solved. These nanocomposites can be applied 
into the bio-applications.   
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CHAPTER 6: PROBLEMS FACED  
Some considerations can be suggested to further investigate these unique 
maghemite nanoparticles and their composites: 
1. In this study, Massart’s procedure was used to synthesize maghemite 
nanoparticles. More investigations can be carried out such as thermal 
conductivity and zeta potential to study on the stability of the as-
synthesized maghemite nanoparticles. 
2. More details studies on the magnetic properties need to be carried out based 
on the preparation conditions of Massart’s procedure. 
3. Studies are required to determine the effects of gelation time, 
surface/volume on silica matrix and the nanocomposites produced. 
4. Further work should be focused on the use of the synthesized maghemite 
nanoparticles and nanocomposites in actual bio-applications such as MRI 
contract agent. 
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